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There was an electron which said : 
'I want to go straight home to bed. 
That P(h)D you see 
of 200 kV
has g'iven me a pain in the head. '
ABSTRACT
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la y e r  h e te r o s t r u c t u r e s  u s in g  a com parison  o f  e le c t r o n  m icroscop e  
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1 IN T R O D U C T IO N
I I I -V  compound sem ico n d u cto r  h e te r o s t r u c t u r e s  which employ- 
s tr a in e d  e p i t a x i a l  la y e r s  have in c r e a s in g ly  become a fo c u s  o f  
a t t e n t io n  b eca u se  o f  t h e i r  p o t e n t ia l  u se  fo r  advanced  
o p to e le c t r o n ic  d e v ic e s .  I t  i s  n o t p o s s ib l e  to  rev iew  th e  f u l l  
background o f  t h i s  d evelop m en t ( f o r  a b r i e f  rev iew  s e e  Osbourn 
1 9 8 6 ), how ever, th e  main re a so n s  can  be p o in te d  o u t . The band 
s tr u c tu r e  o f  s t r a in e d  sem ico n d u cto r  s t r u c tu r e s  i s  o f  p a r t ic u la r  
in t e r e s t  fo r  two r e a so n s:
1) A x ia l s t r a in  s p l i t s  th e  d eg en era cy  o f  th e  h e a v y -h o le  arid 
l i g h t - h o l e  band (L in , L iu , T s u i ,  Jon es and Dawson 1 9 8 9 ). T h is  
s p l i t t i n g  w hich  i s  eq u a l on each  s id e  o f  th e  u n str a in e d  p o s i t io n  i s  
p r o p o r tio n a l to  th e  s t r a in  (P o l ia k  and Cardona. 1 9 6 8 ). S in c e  th e  
l i g h t  h o le  m o b i l i t y  i s  com parable t o  th e  e le c t r o n  m o b il it y ,  t h i s  
e n a b le s  d e v ic e s  in c o r p o r a t in g  such, la y e r s  to  be used  in  
com plem entary e l e c t r o n i c  l o g i c  w ith  s im i la r  sp eed  o f  h o le  and 
e le c t r o n  d e v ic e  com ponent. T h is  w i l l  mean th a t  a d e v ic e  made from  
s tr a in e d  m a te r ia l  would work a t  g r e a te r  sp eed s  than  th e  e x i s t i n g  
d e v ic e s ;
2) Low d im en sio n a l s t r u c tu r e s  ( I D S ) , i . e .  s t r u c tu r e s  in c o r p o r a t in g  
h e te r o la y e r s  th e  geom etry  o f  w hich  e x te n d s  o n ly  a few atom ic la y e r s  
in  a t  l e a s t  one d im en sio n . LDS ta k e  ad van tage o f  th e  co n d u ctio n  
band con fin em en t w hich  r e s u l t s  from quantum e f f e c t s  due to  th e v er y  
th in  la y e r s .  The s p l i t t i n g  o f  th e  v a le n c e  band in  s tr a in e d  LDS 
a c h ie v e s  h ig h  h o le  m o b i l i t y  and v a le n c e  band con fin em en t a t  th e  
same tim e making th e  s t r u c tu r e  p a r t i c u la r ly  f e a s ib l e  fo r  l a s e r s  
( s t r a in e d  la y e r  l a s e r s )  and f i e l d  e f f e c t  t r a n s i s t o r s  (FET) and h ig h
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h o le  m o b ilits ' t r a n s i s t o r s  (H H M T)(Fritz, Drummond, Osbourn, S ch ir b e r  
and Jones 1 9 8 6 ). In  a d d it io n  to  th e  above two p o in t s ,  in  LDS th e
l i g h t  and heavy h o le  bands mix w ith  each  o th e r  away 1 roin th e
B r i l lo u in  zone c e n t r e .  T o g eth er  w ith  th e  p o s s i b i l i t y  o f  s t r a in
induced  tu n in g  o f  th e  band s p l i t t i n g  t h i s  g iv e s  r i s e  to  a r ic h  
v a r ie t y  o f  p o s s ib l e  band and d e v ic e  s tr u c tu r e s  (Chang 1985, 
chang Chu and Chung 1 9 8 6 ).
U t i l i z i n g  th e  n o v e l p r o p e r t ie s  o f  low  d im en sio n a l and s tr a in e d  
la y e r  sy stem s r e q u ir e s  e p i t a x i a l  la y e r s  w ith  good q u a l i t y
in t e r f a c e s  w ith  a f l a t n e s s  a t  th e  a to m ic  m onolayer s c a l e  and fr e e  
from m ic r o s tr u c tu r a l  d e f e c t s .  T h is  i s  d i f f i c u l t  to a c h ie v e  in  
e p i t a x ia l  s t r u c tu r e s  w ith  a h ig h  d eg re e  o f  m ism atch. With up to
d a te  MBE grow th , how ever, good p r o g r e ss  has been made in  th e
system  Ga In As u s in g  la y e r s  o f  d i f f e r e n t  x . I t  becom es
kK) i±—x>
e v id e n t  th a t  th e r e  i s  g r e a t  need  fo r  m ic r o s tr u c tu r a l
c h a r a c te r iz a t io n  a s  to  how p e r f e c t  th e  e p i t a x ia l  s t r u c tu r e s  r e a l l y  
a r e . The most p r e s s in g  q u e s t io n s  co n cern  th e  ch eck  fo r  c o r r e c t  
co m p o sitio n  o f  th e  h e te r o la y e r s  and th e  tru e  s t r a in s  in  the  
s tr u c tu r e .  S e v e r a l te c h n iq u e s  a r e  commonly u sed . X -ray (H orn stra  
and B e r t e l s  1978, L yons, S c o t t  and H a llw e ll  1989, I s h id a , M a tsu i, 
Kammejima and Sakuma 1975) and C onvergent Beam E le c tr o n  D i f f r a c t io n  
(CBED) (F r a se r , Maher, Humphreys, H eth e i'in g to n , K n o ell and Bean  
1985) te c h n iq u e s  have b een  u sed .
However, w ith  most a p p l ic a t io n s  o f  e le c t r o n  m icroscop y  no accou n t  
can be tak en  o f  th e  edge r e la x a t io n  cau sed  by specim en  p r e p a r a t io n  
(G ibson , H u ll, Bean and T reacy  1985) or o f  how th e s t r a in  ch an ges  
w ith  p o s i t io n  in  th e  sam ple a s  m ost o f  th e s e  m ethods g iv e  the  
a verage s t r a in  o v er  th e  sa m p lin g  r a d ia t io n  beam w id th . C o n s id e ra b le  
work has been  done on m ic r o s tr u c tu r a l  in v e s t ig a t io n s  by e le c t r o n
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m icroscop y  (EM) . T h is  h a s been a p p lie d  to  many sy stem s fo r  exam ple 
Si/G aP  {Matthews and B la k e s le e  1975 , P eo p le  and Bean 1985,
Herbeaux, Di P e r s io  and L efeb v re  1989) which in c o r p o r a te  v a r io u s  
d eg re es  o f  m ism atch. T h is  work was m ain ly  concerned  w ith
d is lo c a t io n  d e n s i t i e s  and s t r a in  r e la x a t io n .  Mechanisms fo r
d is lo c a t io n  g e n e r a t io n  and p r o p a g a tio n  were a l s o  proposed  (M aree, 
Barbour, Van der V een, Kavanagh, Bulle-Lieuw rna and V ie g e r s  1 9 8 7 ). 
The r o le  o f  m i s f i t  d i s l o c a t i o n s  fo r  s t r a in  r e l i e f  and o f
c o m p o s it io n a lly  graded  and b u f fe r e d  la y e r s  or o f  la j'er  s ta c k s  in
ord er to  f i l t e r  ou t d i s l o c a t i o n s  has been s tu d ie d  (M atthews, 
B la k e s le e  and Mader 1 9 7 6 ). Whenever d i s lo c a t io n s  a re  in v o lv e d  the
nom inal or in ten d ed  m ism atch or s t r a in  v a lu e s  can o b v io u s ly  n o t be
a c h ie v e d . Even in  d i s l o c a t i o n  f r e e  s t r u c tu r e s  s t r a in  r e la x a t io n  
w i l l  tak e p la c e  w hich i s  accommodated by th e  b u lk  san dw ich in g a 
s tr a in e d  la y e r  or by f r e e  s u r f a c e s .  Hence th e r e  are  g r e a t  
d i f f i c u l t i e s  in  grow ing s t r a in e d  la y e r s  p r e c i s e ly  to req u irem en t. 
In  ord er to  co n firm  t h e o r e t i c a l l y  p r e d ic te d  p h y s ic a l  b eh aviou r o f  a  
s tr a in e d  h e te r o s tr u c tu r e  by e x p e r im e n ts , i t  i s  e s s e n t i a l  to  
a c c u r a te ly  know th e  r e a l  s t r a in s  a t  any g iv e n  lo c a t io n  in  th e  
s t r u c t u r e .
T h erefo re  a com preh en sive s t r a in  a n a ly s i s  o f  th e  SLS i s  d e s ir a b le .
In t h i s  PhD t h e s i s  a n o v e l method fo r  s t r a in  a n a ly s i s  i s  p r e se n te d ,
o
whereby th e  s t r a in  r e la x a t io n  a lo n g  a c le a v e d  90 wedge i s  used  in
a q u a n t i ta t iv e  fa s h io n  to  deduce th e  s t r a in  d is t r ib u t io n  in  th e  
e n t ir e  SLS. There a re  a  number o f  a d v a n ta g es  w ith  wedge sa m p les. 
The im portant p o in t s  a re : The th ic k n e s s  i s  lui own a s  a fu n c t io n  o f  
the d is ta n c e  from the ed g e . The geom etry  o f  the sam ple i s  th e r e to r e  
c l e a r l y  d e f in e d  w hich  i s  v e r y  u n u su a l in  e le c t r o n  m icroscop y . I f  
th e  edge i s  damaged in  any way th e  sam ple i s  o f  no u s e , however' i f
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i t  i s  u sa b le  i t  must be p e r f e c t  and th e r e  can be no p r e p a r a t io n  
damage or i t  would be v i s i b l e  in  th e  m icro sco p e . F in a lly  the 
te ch n iq u e  o f  making a wedge on ce m astered  can produce sam ples  
r e l a t i v e l y  q u ic k ly .  The one d isa d v a n ta g e  i s  th a t  o n ly  90 wedges 
can be made b eca u se  o f  th e  c le a v a g e  p la n e s  o f  th e  m a te r ia l .  (In  
f a c t  i t  i s  p o s s ib l e  to  make 45 w edges but more by lu ck  than  
judgm ent.) T h e re fo re  th e  e le c t r o n  tr a n sp a r e n t m a te r ia l  i s  v er y  
c lo s e  to  th e  edge and th e  o n ly  o b s e r v a t io n s  th a t  can be made a re  in  
t h i s  r e g io n . Wedges have b een  u sed  p r e v io u s ly  w ith  l a t t i c e  matched  
e p i t a x i a l  la y e r s  (K ak ib ayash i and N agata 1985) and th e  s h i f t  in  
th e  th ic k n e s s  f r in g e s  in  th e  e p i t a x i a l  la y e r  was used  to  f in d  
in fo rm a tio n  about th e  c o m p o s it io n . So a s u i t a b le  x 'e f le c t io n  was 
u sed .
In t h i s  t h e s i s  c o m p o s it io n a l ly  i n s e n s i t i v e  r e f l e c t i o n s  were used  
so  th a t  th e  c o n tr a s t  depends on th e  t h ic k n e s s ,  w hich i s  known, and 
th e  s t r a in  w hich  can  th e r e fo r e  be m easured from th e s h i f t  in  th e  
th ic k n e s s  f r in g e s .  The m ost a c c u r a te  method o f  m easuring the s t r a in  
i s  to  match computed and s im u la te d  im ages. T h is  i s  th e  method used  
in  t h i s  t h e s i s .  In  ord er  to  o b ta in  th e s e  s im u la t io n s  i t  was 
n e c e s s a r y  to  c a l c u la t e  th e  s t r a in  in  th e  wedge. As th e geom etry was 
known i t  was p o s s ib l e  to  u se  a f i n i t e  e lem en t c a lc u la t io n  and t h i s  
was th e  p a th  ta k en . C o n s id e ra b le  work has been  done on s t r a in  
c a lc u la t io n s  in  m ism atched e p i t a x i a l  lashers, th e  e a r l i e s t  th e o r ie s  
were a p p lie d  to  m e ta ls  and n o t se m ic o n d u cto r s . T hese c a lc u la t io n s  
assumed p e r io d ic  f o r c e s  a c t in g  a t  th e  in t e r f a c e s  and th e  r e la x a t io n  
o f  th e  s t r a in  by d i s l o c a t i o n s  in  th e  in t e r f a c e  (Van der Merwe 
1 9 7 2 ). They were in  f a c t  g e n e r a l i s a t io n s  o f  th e  work on d i s lo c a t io n  
s i z e  and m o b i l it y  by P e i e r l s  and Nabarro ( P e ie r l s  1940, Nabarro 
1 9 4 7 ). The id e a  o f  c r i t i c a l  th ic k n e s s  o r ig in a te d  from th is  e a r ly
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work. However th e s e  s o lu t io n s  were n o t  g e n e r a l enough to  c a lc u la t e  
the s t r a in  in  th e  p r e se n t  s i t u a t i o n .
The c o n s tr u c t io n  o f  t h i s  t h e s i s  i s  a s  fo l lo w s :  In ch a p ter  2 the
th eo ry  o f  d i f f r a c t i o n  c o n tr a s t  r e le v a n t  to t h i s  work i s  p rese n ted
and th e  r e la t io n s h ip  betw een  th e  im age c o n tr a s t  and r o ta t io n  o f  
l a t t i c e  p la n e s  due to  th e r e la x a t io n  i s  p roved . The com puter
program used  to  s im u la te  th e  im ages i s  l i s t e d  and d e sc r ib e d  in
c h a p ter  3 . Chapter 4 p r e s e n t s  th e  te c h n iq u e s  u sed  to  c le a v e  wedges 
and a l s o  to  mount them fo r  m icro sco p e  o b s e r v a t io n s . In ch a p ter  5 
th e  r e s u l t s  o f  b oth  th e  e x p er im en ta l and t h e o r e t i c a l  work a re  
p r e se n te d . The d e t a i l e d  a n a ly s i s  o f  one p a r t ic u la r  sam ple r e v e a ls  a 
t w is t  in  th e  wedge due to  m o n o c lin ic  d i s t o r t i o n  o f  th e  l a t t i c e .
T hese r e s u l t s  a re  th en  d is c u s s e d  in  ch a p ter  6 and th e  c o n c lu s io n s  
drawn in  ch a p ter  7 .
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2 T H E O R Y
2.1 Introduction
The e f f e c t  o f  s t r a in  can  be se e n  in  e le c t r o n  m icrograp hs o f  
90“-w ed ges a s  a grad u a l s h i f t  in  th e  p o s i t io n  o f  th e  e x t in c t io n  
co n to u r s  ( a l s o  c a l l e d  th ic k n e s s  f r i n g e s ) . Though t h i s  can  a l s o  be 
ca u sed  by c o m p o s it io n a l f lu c t u a t io n s  th e r e  a re  two rea so n  fo r  
e x p e c t in g  t h i s  s h i f t  to  depend on s t r a in  a lo n e  : F i r s t l y  th e  up to  
d a te  sta n d a rd  o f  e p i t a x i a l  grow th p rod uces la y e r s  o f  h ig h ly  
c o n s ta n t  co m p o sitio n  and hen ce th e  f r in g e s  would s h i f t  a b r u p tly  a t  
an in t e r f a c e  r a th e r  than  g r a d u a lly  o v er  a lo n g  d is t a n c e ,  and 
s e c o n d ly  th e  e x t in c t io n  d is ta n c e  fo r  th e  r e f l e c t i o n  ch o sen  in  t h i s  
work i s  p r a c t i c a l ly  ind ep en d en t o f  c o m p o s it io n . In  t h i s  s e c t io n  i t  
w i l l  be shown t h a t ,  assum ing c o n s ta n t  co m p o s it io n , th e  th ic k n e s s  
f r in g e  s h i f t  i s  d i r e c t l y  p r o p o r t io n a l to  th e  s t r a in .
When a wedge i s  c le a v e d  from a b lo c k  o f  sem ico n d u cto r  m a te r ia l th e  
s t r a in  i s  r e la x e d  a t  th e  edge i . e .  in  th e  e le c t r o n  tr a n sp a re n t  
r e g io n .  The ch an ges in  TEM c o n tr a s t  r e s u l t  from s t r a i n  r e la x a t io n  
a lo n g  th e  ed g e . The s t r a in  w hich  i s  o f  i n t e r e s t  in  d e v ic e  d e s ig n  i s  
th a t  in  th e  c e n te r  o f  th e  sam p le. However a s  th e  geom etry  o f  a 
90^-w edge i s  w e ll  known i t  i s  p o s s ib l e  to  u se  a com puter model 
w hich  d e s c r ib e s  th e  s t r a in  everyw here in  th e  b lo c k . The model can  
th en  be e v a lu a te d  by com parison  w ith  th e  ex p er im en t a t  th e  edge  
g iv in g - su p p ort fo r  th e  g e n e r a l v a l i d i t y  o f  th e  m odel. In t h i s  
s e c t io n  th e  two ways in  w hich  t h i s  com parison  can be a c h ie v e d  w i l l  
a l s o  be e x p la in e d .
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2 . 2  Im a g e  F o r m a t i o n  u s i n g  t h e  T w o -B e a m  D y n a m ic a l  T h e o r y
2 . 2 . 1  The E q u a tio n s  
The two-beam dynam ical c o n tr a s t  th e o r y  o f  e l e c t r o n  m icro sco p y  
r e l i e s  on th e e q u a tio n s
dtp-
dz
1 i  + ---- , 1 1  i  I(p + n 1 1-----  +  1 (p exp
V. V . J i, .i9'
2n i  I s z  + g  • R | !
L j  i
j
d f
d z
, ! i  x
o = fix ------  + ---- T ii X
(2 . 1 )
exp I 2 n i  j s z  + g  Rj
w hich a r e  known a s  th e  Howie-W helan e q u a tio n s . (HIRSCH 1965)
Howie, N ic h o lo sb n , Whelan. 
They form a s e t  o f  co u p led  d i f f e r e n t i a l  equations* fo r  <p and d> ,
f t  9*
th e  tr a n s m it te d  and d if f r a c t e d  wave a m p litu d es , a t  th e  p o in t  in  a  
b lo c k  o f  sam ple where th e  e le c t r o n s  have moved a d is t a n c e  z from  
th e  to p  s u r fa c e .  F i g . 2 . 1  shows t h i s  s i t u a t i o n  s c h e m a t ic a l ly .  H ie  
s - v a lu e  (o r  d e v ia t io n  param eter) and g -v e c to r  g iv e  in fo r m a tio n  
about th e  o r i e n t a t io n  o f  th e  sam ple w ith  r e s p e c t  to  th e  e le c t r o n  
beam. The g - v e c t o r  i s  a  r e c ip r o c a l  l a t t i c e  v e c to r  and fo r  th e  
r e f l e c t e d  beam g  + s  = K where K i s  th e  s c a t t e r in g  v e c to r  K = k  + 
k ; k  and k' a re  th e  in c id e n t  and s c a t t e r e d  wave v e c t o r s . The 
s - v a lu e  i s  th e  d e v ia t io n  from th e  e x a c t  Bragg c o n d it io n .  F i g . 2 . 2  
shows th e  r e la t io n s h ip  betw een  th e s e  v e c to r s  in  a  g r a p h ic  form  
known a s  th e  Ewald sp h ere  c o n s tr u c t io n  (A sh cr o ft  & Mermin 1976) .
'f i s  a  d is t a n c e  w hich i s  r e la t e d  to  th e  r e f r a c t io n  o f  th e
o
tr a n s m it ie d  e l e c t r o n  beam and i s  in v e r s e ly  p r o p o r t io n a l t o  th e  in n er  
p o t e n t ia l  o f  th e  c r y s t a l .
£ i s  th e  e x t in c t io n  d is t a n c e .  I t  g iv e  th e  d is t a n c e  o v er  w hich
th e  e l e c t r o n  beam c y c le s  from com p lete  tr a n s m is s io n  to  co m p lete
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d i f f r a c t i o n .  In f i g . 2 . 3  a  diagram  o f  a b lo c k  sam ple i s  g iv e n  in  
which th e  a m p litu d e  o f  th e  tr a n s m it te d  and d i f f r a c t e d  waves i s  
p lo t t e d  a g a in s t  d is t a n c e  th rou gh  th e  sam ple. They depend on th e  
m a te r ia l  from w hich  th e  sam ple i s  made, f  and 7 r e s u l t  from th e
G * G
th e  u se  o f  com plex p o t e n t i a l s  in  th e  wave e q u a tio n . They th e r e fo r e  
q u a n t ify  th e  l o s s  o f  en erg y  from th e  e le c t r o n  wave due to  
i o n iz a t io n ,  phonon s c a t t e r i n g ,  e t c .  T hese e f f e c t s  a re  d e s c r ib e d  
c o l l e c t i v e l y  a s  anom alous a b s o r p t io n  o f  th e  tr a n s m it te d  and 
d if f r a c t e d  beam s. R i s  th e  d isp la ce m en t f i e l d  and a r i s e s  from any  
d e v ia t io n  from th e  p e r f e c t  d i s t a l  s t r u c tu r e ,  to and <p a re  o b ta in e d  
from th e s e  e q u a tio n s  ( 2 . 1 )  by in t e g r a t in g  w ith  r e s p e c t  to  z (w hich  
i s  th e  beam d ir e c t io n )  th rou gh  th e  sam ple from th e  to p  s u r fa c e  to  
th e  bottom  s u r fa c e .
2 . 2 . 2  Zero S tr a in  F ie ld
For th e  c a se  o f  R—0 , and f and !*' -0 and 7 f  and s  a re  c o n s ta n t  
th e  i n t e n s i t y  o f  th e  d i f f r a c t e d  beam a t  th e  bottom  o f  th e  sam ple  
a c c o r d in g  to  th e  H owie-W helan e q u a tio n s  i s :
I = j to ( t , s  , g') | 2
where s
and t  i s  th e  th ic k n e s s  o f  th e  sam p le. The in t e g r a t io n  i s  perform ed  
down a  column in  th e  sam ple p ro d u c in g  an image in  d i s c r e t e  b lo c k s .
/ ( 2 . 3 )
]Z s i n  (ft t  s  )
(2 . 2 )
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The geom etry  c o n s id e r e d  h ere  i s  th a t  o f  a 90“ wedge and n o t a 
p a r a l le le p ip e d ,  b u t th e  colum n ap p rox im ation  can s t i l l  be u sed , 
w ith  th e  le n g th  o f  th e  colum n in c r e a s in g  w ith  d is t a n c e  from th e  
ed ge. The wedge geom etry  makes i t  p o s s ib le  to  c a l c u la t e  th e  
th ic k n e s s  a t  any p o in t  t  = 2 x  where x i s  th e  d is t a n c e  o f  th e  
p o in t  from th e  edge ( f i g . 2 . 4 )  When t h i s  e x p r e s s io n  fo r  t  i s  p ut 
in t o  e q u a tio n  ( 2 . 2 )  I becom es a p e r io d ic  fu n c t io n  o f  x w ith  a 
p e r io d  o f  l / 2 s  . . The im age i s  th en  a s e r i e s  o f  dark and l i g h t  
bands w hich  a re  c a l l e d  th ic k n e s s  f r in g e s  ( f i g . 2 . 5 ) .  I f  s=0 th en  th e  
d is t a n c e  betw een  th e  f r in g e s  i s  a  maximum h a v in g  a  p e r io d  o f  
T=/ / 2 ,
2 . 2 . 3  Non Zero S tr a in  
I f  th e r e  i s  a s t r a in  f i e l d  in  th e  sam ple ( i . e  R F 0)  th en  e q u a tio n  
( 2 . 2 )  i s  no lo n g e r  a p p l ic a b le  and eq u a tio n  ( 2 . 1 )  h as to  be 
in t e g r a te d  ta k in g  in t o  a cc o u n t th e  v a r ia t io n  o f  R w ith  p o s i t io n .  
Changing th e  p hase o f  th e  wave am p litu d e w ith
t«
<p ( z )  = <p ( z ) e x p ( - ? i i z /  ? ) and
t*
<p (z) -  & ( z ) e x p( 2n is z  -  n i z / f  + 2n ig -  R )
9' 9 °
e q u a tio n  ( 2 . 1 )  i s  tra n sfo rm ed  in t o
( 2 . 4 )
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dto n i
dz
d R .g }  „
to + 2 tt i  | s +
dz 1 ”
T h is  tr a n sfo r m a tio n  d o es n o t change th e  i n t e n s i t y  b eca u se
_ 11 ~  _
) and ] to | -  I to j
The i n t e n s i t y  g iv e n  by e q u a tio n  ( 2 . 2 )  w i l l  a l s o  be a s o lu t io n  to  
eq u a tio n  ( 2 . 4 )  . However , when th e  d isp la cem en t f i e l d  i s  n o t zero
th e  term  in  b r a c k e ts  o f  eq u a tio n  ( 2 . 4 )  shows th a t  th e r e  i s  a change  
o f  th e  d e v ia t io n  param eter due to  th e  s t r a in  f i e l d .  S t r i c t l y
sp ea k in g  th e  b ra ck e t ou ght to  be r e p la c e d  by
dR .g dR .g
s  ’ = s  +   + 9 ------------- ( 2 . 5 )
dz ~ dg
(HIRSCH 1965)
However, s in c e  th e  Bragg a n g le  9 i s  v ery  sm a ll compared to  th e  
o th e r  q u a n t i t i e s  th e  l a s t  term in  eq u a tio n  ( 2 . 5 )  can be n e g le c t e d .  
The c o n tr a s t  i s  g iv e n  by th r e e  p a ra m eters, th e  th ic k n e s s  t ,  th e
e x t in c t io n  d is t a n c e  and th e  d e v ia t io n  param eter s .  (  i s
c o n s ta n t  a s  th e  400 r e f l e c t i o n  i s  i n s e n s i t i v e  to  co m p o s it io n , t  
ch an ges l i n e a r l y  w ith  d is t a n c e  from th e  ed g e . So fo r  a c o n s ta n t
s -v a lu e  t h i s  p rod u ces an image c o n s i s t in g  o f  p a r a l l e l  c o n tr a s t
f r in g e s .  Any d e v ia t io n  from t h i s  c o n tr a s t  can  o n ly  be due to  a 
l o c a l  v a r ia t io n  o f  s .  I t  w i l l  be shown th a t l o c a l  ch an ges in  s  a re  
p r o p o r t io n a l to  th e  s t r a in .  The seco n d  term in  e q u a tio n  ( 2 . 5 )  i s
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d ll. g  dll dg
  = g .  + R .------
dz dz dz
g  can be c o n s id e r e d  c o n s ta n t  s in c e  th e  s t r a in s  a re  v er y  sm all
dg dR .g dR
so  —  = ze ro  and s o  = g . -----
dz dz dz
Now a s th e  s t r a in  i s  sm a ll we can  assume th a t  th e  r ig id  body
r o t a t io n s  a re  n e g l i g i b l y  sm a ll and o n ly  th e  sym m etrica l p art o f  the
r a te  o f  change o f  th e  d isp la c e m e n t w ith  r e s p e c t  to  d is ta n c e  i s
im p o r ta n t. So i f  n  i s  a u n it  v e c to r  in  th e  beam d ir e c t io n
d R . dR.\ *
we can w r ite  G = n g  —
a x ax
\d R
Hence
and
th en
2G = n g .  j
. i I axI L
'dR
a R
a x
dR
dR
a x  i
= e,n  .
.! L M
As £■ - i / 2
dR
a x
dR
I f  we s e t  n.= ( 0 , 0 ,  i )
cm
s -
d x
= e.-.1 = S'
and
o z oz
dR
g- — = g n £ = A s
d z  J 1 ij
when n  = ( 0 , 0 , 1 ) (2 . 6 )
To show Ag=g- £ ta k e  a  s e t  o f  p a r a l l e l  a tom ic p la n e s  re p r esen te d
i ij
by A and B f i g .  2 . 6  w hich  a re  deform ed in t o  A’and B ’ . The v e c to r  d
i s  normal to  th e  u n d ev ia te d  p la n e s  A and B h a v in g  a m agnitude eq u al
to  t h e ir  in t e r p la n e r  sp a c in g  and d i s  th e  e q u iv a le n t  v e c to r  in  the
deform ed m a te r ia l .
u and u a re  th e  d isp la c e m e n t v e c t o r s  a t  Q and P r e s p e c t iv e ly .
■1 2
( f i g . 2 . 6 )
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S o  u  -  u  -  d  -  d  . D v i d i n g  b y  d  = j d  ! we h a v e
Au u -  u  d - d  Ad? T *? -i
d d d di  1 i i
T h is i s  th e  g r a d ie n t  o f  th e  d isp la c e m e n t a lo n g  th e  d ir e c t io n  o f  d
Now w r it in g  d a s  d and Au a s  Au w here t and j -  1 to  3
1 J 1
we can w r ite  d £  = Au
j vj -
Au  ^ d ,
or d £ =   where d = —-— i s  a  u n it  v e c to r  in  th e  d
] L j  j  1
d |d !  d ir e c t io n
So d £
j
Ad
d
In th e  r e c ip r o c a l  l a t t i c e  Ag - s - S where g^ and g  are  th e  
g -v e c to r s  p e r p e n d ic u la r  to  th e  p la n e s  A and B and to  A ’ and B ’
r e s p e c t iv e ly  a s  shown in  ( f i g . 2 . 6  ) , F o r  sm a ll s t r a in  Id 1=1d I -  d
* i 5 5 2 1
and a l s o  !g  j = jg  j = g  and so  we can  w r it e
Ag g^ -  g A
—  -  _________ g  and g  can  be w r it t e n  a s  d /d  and d /d  ,
S S
where  ^ in d ic a t e s  a u n it  v e c to r  and g  = i / d .  So
A  A
Ag { d d 1 d d -  d d d - d  Ad
_  j 2  1  | j  1  1 2  X  i  2  1
g 1 d_ d j d d~ d dv 2 1
Ad Ad Ag
For sm a ll s t r a in s  we have d £ =   =   = —
' l ": d d g
i
So Ag = gd £ . S in c e  d = g  and g  = gd we have
i  i. i x. i.  i i
LA& = g £
L.I
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f r o m  e q u a t i o n  ( 2 . 5 )
A s = g n s . .  -  n Ag or  As= Ag" n ( 2 . 7 )
T h is  e q u a tio n  shows th a t  th e  s t r a in  com ponents w ith  th e  d ir e c t io n  
o f  g  ( i . e .  th e  t e n s i l e  s t r a in  ) do n o t  add to  th e  c o n tr a s t  s in c e  
th e y  a re  p e r p e n d ic u la r  t o  n . So th e  c o n tr a s t  changes w hich  a re  see n  
in  th e  image o f  a s t r a in e d  la y e r  a re  a d ir e c t  r e s u l t  o f  th e  sh ea r  
component o f  s t r a in  a lo n g  th e  beam and g -v e c to r  d ir e c t i o n s .
2 . 2 . 4  Measurement o f  As 
In ord er  to  m easure A s th e  s h i f t  in  th e  p o s i t io n  o f  th e  th ic k n e s s  
f r in g e s  can be u sed . From e q u a tio n  (2 ) th e  c o n tr a s t  from a sam ple
o f  th ic k n e s s  t  can  be c a lc u la t e d .  For ze r o  c o n tr a s t  I i s  z e r o
a
i . e .  j to | -0
s i n ( f i t s  ,a) = 0 when t s  = 0
and from eq u a tio n  ( 2 . 3 )
/  “ 1s  ^ ~ / n  1
In  th e  90“ wedge sam ple t= 2 x . So from th e  d is ta n c e  o f  th e  th ic k n e s s  
f r in g e s  from th e  edge we can  work o u t th e  s -v a lu e  a lo n g  th e  
th ic k n e s s  f r in g e  minima.
F i g . 2 . 7  shows a w edge. The edge and an in t e r f a c e  can be se e n .
A l o n g  w a y  f r o m  t h e  i n t e r f a c e  t h e  s t r a i n  i s  z e r o  a n d  t h e  s - v a l u e  i s
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c o n s ta n t . T h is  i s  th e  u n s tr a in e d  s - v a lu e  w hich  i s  c a lc u la t e d  a t  x 
( th e  d is ta n c e  from th e  edge o f  th e  th ic k n e s s  f r in g e  minimum). The 
f r in g e s  s t a r t  to  s h i f t  n ea r  th e  in t e r f a c e  and a secon d  c a lc u la t io n  
o f  th e  s -v a lu e  may be made a t  x . I f  As i s  th e  d i f f e r e n c e  betw een  
th e s e  two s - v a lu e s  th en
/  n 1 /  n 1
4x~ f 4x~ 1;'“
I f  th e s e  A s v a lu e s  a re  p lo t t e d  a s  a fu n c t io n  o f  th e  d is ta n c e  from  
th e  in t e r f a c e  a com parison  can be made w ith  c a lc u la t e d  s t r a in  
c u r v e s . There a re  th r e e  problem s w ith  t h i s  approach :
1) The A s v a lu e s  can  o n ly  be worked o u t a lo n g  th e  th ic k n e s s  f r in g e s  
minima and n o t a t  any a r b it r a r y  p o s i t i o n  in  th e  im age. T h is  can be 
overcom e by t i l t i n g  th e  c r y s t a l  and ta k in g  many im ages w ith  
d i f f e r e n t  s - v a lu e s  s o  th a t  th e  p o s i t i o n  and number o f  th e  th ic k n e s s  
f r in g e s  ch an ges and a b e t t e r  co v e r  o f  th e  a re a  i s  p o s s ib l e .
2) As can be see n  from eq u a tio n  ( 2 . 2 )  n o t j u s t  th e  p e r io d  o f  th e  
i n t e n s i t y  but a l s o  th e  i n t e n s i t y  i t s e l f  depends on th e  s -v a lu e
th rou gh  s  .. (e q u a tio n  2 . 3 ) .  T h is  means th a t  th e  th ic k n e s s  f r in g e1
a s  w e l l  a s  b e in g  s h i f t e d  a l s o  ch an ges in  w id th  making an a c c u r a te  
measurement o f  t h e i r  p o s i t io n  d i f f i c u l t .
3) The th ir d  problem  i s  th a t  th e  m easured As v a lu e  i s  th e  r e s u l t  o f  
a summation o f  th e  v a lu e s  a lo n g  th e  beam d ir e c t io n  and th e  
c a lc u la t e d  s t r a in s  a re  ju s t  th e  p r o je c te d  s t r a in s  . In v iew  o f  t h i s  
i t  i s  s u r p r is in g  how good th e  agreem ent betw een  th e  ex p er im en ta l  
and c a lc u la t e d  s t r a in  f i e l d  i s .
As th e s e  problem s made th e  method o n ly  a p p ro x im a te ly  c o r r e c t  
an o th er  approach was u sed . T h is  method in v o lv e s  th e  s im u la t io n  o f
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th e  image from th e  c a lc u la t e d  d isp la c e m e n t f i e l d  so  th a t  th e  
ex p er im en ta l and s im u la te d  im ages can  be com pared. T h is  p rocedure  
s o lv e s  th e  problem s in v o lv e d  w ith  th e  f i r s t  method a lth o u g h  i t  
s t i l l  r e q u ir e s  com parison  o f  more th en  one s e t  o f  im ages.
The s im u la t io n  i s  perform ed by th e  in t e g r a t io n  o f  th e  Howie-W helan  
eq u a tio n s  (eqn 2 . 1 )  down colum ns on a r e g u la r  g r id  o f  p o in t s  a c r o s s  
th e  wedge p rod u cin g  an i n t e n s i t y  s u r fa c e .  T h is  i s  th en  p lo t t e d  a s  a 
g rey  p r o f i l e .  At each  p o in t  o f  th e  in t e g r a t io n  th e  d isp la cem en t  
v e c to r  i s  in t e r p o la t e d  from th e  r e s u l t s  o f  a  f i n i t e  e lem en t  
program .
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2 .3  E l a s t i c  Model
In  o rd er  to  model th e  r e la x a t io n  a t  th e  edge o f  a 90 wedge
c o n ta in in g  a s t r a in e d  la y e r ,  i s o t r o p i c  l in e a r  e l a s t i c i t y  th e o r y  has
G o o d i e r
been  u sed  (LOW 1927,  TIMOSHENKO 1983^). The c a lc u la t io n s  w ere 
by D r. D .A .Faux
c a r r ie d  o u t^ u s in g  so ftw a r e  p ack ages c a l l e d  P a tra n  and L u sa s . P atran
i s  u sed  to  in p u t th e  model geom etry  and L usas perform s th e  f i n i t e
elem en t c a l c u la t io n s .  B a s ic a l ly  in  th e  f i n i t e  e lem en t method th e
continuum  problem  i s  r e p la c e d  by a  f i n i t e  s e t  o f  p o in t s  w ith
s p r in g s  betw een  them and t h i s  problem  i s  s o lv e d  u s in g  th e  s t i f f n e s s
o f  th e  s p r in g s  and th e  d isp la c e m e n t o f  th e  p o in t s  (REDDY 1985, 
Carey
MARTINE 1975^) . In s e t t i n g  up th e  model geom etry , th e  g r e a t e s t  
a ccu ra cy  can be a c h ie v e d  by h a v in g  a h ig h  d e n s i t y  o f  p o in t s  in  th e  
r e g io n  where th e  d isp la c e m e n ts  a r e  l i k e l y  to  be th e  l a r g e s t .  T h is  
o p t im iz e s  th e  a ccu ra cy  and u s e s  th e  l e a s t  number o f  p o in t s ,  th u s  
c u t t in g  down th e  com p u tation  tim e and memory req u irem en ts .
The model u sed  h ere  i s  shown in  f i g . 2 . 8a.  The c o o r d in a te s  and 
l e t t e r s  o f  th e  p o in t s  a re  in c lu d e d  in  th e  d e s c r ip t io n ,  however o n ls7 
th e  l e t t e r s  a re  g iv e n  in  th e  f i g u r e .
The two b lo c k s
Al [ L ( 0 , 0 , - c ) , N( 0 , 0 , - a ) , 1 ( 0 , d , - a ) ,  S ( d , 0 , - a )  ] 
and
A2 [ Q ( 0 , 0 , c ) ,  0 ( 0 , 0 , a ) ,  J ( 0 , d , a ) ,  T ( d , 0 , a )  ] 
r e p r e s e n t  th e  GaAs s u b s tr a te  and ca p p in g  la y e r ,  and b lo c k  
C [N( 0 , 0 , - a ) , I ( 0 , d , - a ) , S ( d , 0 , - a ) , 0 ( 0 , 0 , a ) , T ( d , 0 , a ) , J ( 0 , d , a ) ]  
r e p r e s e n ts  th e  GalnAs s t r a in e d  la y e r  f i g . 2 . 8 b ) .
N ote th a t  th e  two b lo c k s
B1 [M(0, 0 , - b ) , N ( 0 , 0 , - a ) , R ( d , 0 , - b ) , S ( d , 0 , - a ) , V ( 0 , d , - b ) , l ( 0 , d , - a ) ]
B2 [ 0 ( 0 , 0 , a ) ,  P ( 0 , 0 , b ) ,  T ( d , 0 , a ) ,  Z ( d , 0 , b ) ,  J ( 0 , d , a ) ,  W( 0 , d , b ) ]
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have the same shape as the strained layer, i.e. the lines between 
R-S, V-I, T-Z, and J-W are all straight and not curved.
There are two planes of symmetry, the plane 
[ H(0,0,0),G{0,d,0),F{d,0,0) ] (at the center of the layer ) 
and also the plane [ L(0,0,-c),Q(0,0,c),E(d,d ,0) ].
The data points lie on five planes; each of these planes contains
the points L(0,0,-c) and Q(0,0,c) (they pass through the straight
edge of the wedge) and one of the points
F(d,0,0), A(f5)(2d,d,d), E(d,d,0), D(f5)(d,2d,0), G(0,d,0) 
as shown in fig.2.9.
The distribution of lines on each plane is shown in fig.2.10.
It can be seen that with this geometry most of the data points are
around the edge near the interface between the lasher and the
surrounding material.
The problem is to find the displacements when the layer C is too 
large to fit onto the two blocks Al and A2 and is therefore under 
stress in the x and y directions. This stress can be expressed in 
terms of the mismatch f by
~ E f
l-y"
where v  is poisson’s ratio and E is young’s modulus
a -a
L Sand f = -----  with a ^lattice parameter of the layer Ca_ l
and a_^lattice parameter of the substrate Al, A2.
This stress produces a strain of -f in the x and y directions
allowing C to fit coherently onto Al and A2. Additionally there is
a strain of
17
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Lz v
From these initial conditions the stresses on the layer are removed 
to observe the relaxation. I will present an idea of the elastic 
theory for this problem in order to show how a solution can be 
obtained, however, this may not be exactly the method used in Lusas 
as there are a large number of ways in which the finite element 
techniques can be applied.
The static equilibrium equations ignoring body forces are given by
da.. ~ 0 i , i  = 1 to 3 (2.8)L l.j
where d = —
i  ax.
i
These conditions insure that all the forces in the strained body 
are in equilibrium. Hie compatibility equations which must also be 
satisfied make sure that the solutions do not include tears in the 
material. Given these two sets of equations and the boundary 
conditions the elastic problem is complete. However the finite 
element method requires the equilibrium equations to be expressed 
in terms of the displacement u . So using Hooke’s law
c~ . = X6. .£. . + 2Gs . (2.9)
where i,j.k - 1 to 3 and Q. 1 if i-j and 0 if i+j, and!
G is the Young’s modulus and according to the definition of strain
£  -  1/2(5 u + d u ) (2.10)
'-J J j *-
in  the  2 d i r e c t i o n  due to  the  P o isson  e f f e c t .
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the equations of equilibrium in terms of the displacement can be 
obtained
(X + G)±- u + G-±—  u = 0 (2.11).
ax  ax • . 2 i.i j - o x
„}
As u is a differentiable function of position the compatibility 
equations are satisfied by the solutions of this equation. So all 
that is left to consider are the boundary conditions.
In order to exclude the motion of the whole block of material the 
displacements are set to zero at points which will not effect the
solution adversely, namels^ u (0,0,0), u (0,0,-c), u (0,0,-c),
2  m  y
u (0,0,c), u (0,0,c) are all zero.
v  y
In order to include the change in lattice parameter in the layer
equation(2.10) and the boundary conditions completely defines u .b
Finally from the displacement £ the strain tensor can be obtained
'-■j
using equation(2.9) and from the strain the stress is known using 
Hooke’s law.
In summary the information needed to run Patran and Lusas are the 
Young’s modulus and the poisson ratio, which were as'sumed to be 
equal for the two materials in this problem, the geometry which has 
been described in this section chosen to use the limited number of 
nodal points allowed to achieve the greatest accuracy at the 
edge of the wedge, and finally the boundary conditions which 
result from the strained layer.
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2.4 Image Simulation 
The production of an electron microscope image can be described in 
two steps: i)the interaction of the incident electron beam with the 
specimen i.e. scattering, ii) the production of the image by the 
interference of the transmitted and diffracted electrons in the 
image plane. To take into account the first processes the electron 
wave function w (x,y) at the exit surface of the specimen is 
calculated from the incident electron plane wave using a suitable 
model of the scattering. The second process includes the microscope 
specifications effects (i.e. defocus, spherical aberration and the 
aperture effects) on the final image. This can be achie\'‘ed by the 
convolution of the Wave function W (x,y) with T( x,y), the image 
transformation function
to. (x,y) = to (x,y)*T(x,y) = F[ to] (u.v)T’ (u,v) ]
V 25 b?
where W ’ (u, v)-F[to (x,y)] is the fourier transform of the scattered
id
wave and u,v are the coordinates at the back focal plane. Similarly 
T ’(u,v)=F[T(x,y)], which is the fourier transform of T(x,y). 
T ’(u,v) can be written in the form of a phase factor (MISELL 1978).
In high resolution simulation the effect of this convolution is 
large therefore, the second process has a significant effect on the 
image. However, in low resolution microscopy employed here, the 
effect of T(x,y) can be ignored. Therefore
to.(x,y) = to (x,y)
T (=>
and hence the only process of importance is the first .
The relevant calculations can be performed in a number of ways for 
example using Bloch waves, multibeam, or as is used in this work
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The major problem with the image simulation in this work is that 
the displacement is needed at a regular grid of points for the 
integration to be carried out. The finite element program does not 
produce data on a regular array of points so an interpolation has 
to be carried out from the given data points. The interpolation 
procedure can be demonstrated using fig.2.11. In the simulation a 
location on the image plane is chosen for the integration column. 
The integration is performed at equally spaced points down the 
center of the column from the top surface to the bottom surface. 
The columns are placed on a regular grid in the image plane. The 
integration (where the displacement data are required) is therefore 
carried out on a regular lattice in three dimensions. The 
coordinate systems for the displacement calculation and the image 
simulation are different, however in the interpolation the image 
simulation coordinates are used, the finite element data were 
transformed to these coordinates.
The displacement is required at the point (x,y,z), which could be 
anywhere in the wedge, say it lies between the planes P2 and P3 
fig.2.12. Then a circle is constructed which cuts the plane at the 
points shown P01,P02,P03,P04,P05. If the data for the displacement 
at these points are known a five point interpolation along the 
circle will give the desired displacement at (x,y,z). To find the 
data at the points where the circle cuts the planes look at 
fig.2.12. Depending on where the circle cuts the planes the 
interpolation has to be performed in different ways. Let the circle 
cut the planes at the point PO between the lines LI and L2. Now a 
line IL parallel to the edge and at distance D from the edge is 
constructed. This line cuts the lines LI to L2 at the points Ml to
the  two-beam approxim ation  d esc r ib e d  under 2 .2 .1 ,
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M2 respectively and also passes through the point PO . An 
interpolation is made along each of the lines LI to L7 to find the 
displacement at Cl to C7.
An interpolation is then made along the line IL to find the 
displacement at the point PO . This is carried out on each of the 
five planes PI to P5 which gives the displacement at the points P01 
to P02 in fig.2.12 and so the displacement at (x,y,z) can be found. 
If the circle cuts the planes at the point POB a circle of radius D 
is constructed which cuts the data line EO to E3 and L7 at FI to
F5, An interpolation is then carried out along EO to E3 and L7 to
find the displacement at FI to F5 respectively. From FI to F5 a 
second interpolation is carried out to find the displacement at
POB. Having found POB on each of the planes PI to P5 the points P01 
to P05 are known and so the displacement at (x,y,z) can be found as 
described above.
It was found that in the regions outside the block LI to L7 (i.e. 
where the lines of data are no longer perpendicular to the edge) 
the interpolation did not produce very accurate results due to the 
large spread and the low density of data points.
Each interpolation is carried out along a curve, usually a
straight line. This interpolation was achieved using the Lagrange 
polynomial given by
n
“ I \ i \ \ )I „ /  X —7   X I r  —  r  I I iP (r) = ) i f(r ) / \ j— j----- jj-
n /  j /  • I i
~ > A  J =c I  ! r  -  r  I
j
where P (r) is the interpolated displacement at the point r using n
an n point interpolation, and f(r.) is the known displacement at
l
the point r . (PHILLIPS 1973 Taylor)
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block
Fig.2.1 Relationship between 
dj , (p- and the sample geometry.
O Cl
Fig.2.2 The Ewald sphere generalized 
to include the s-value shows graphically 
the relationship k’ - k  = K =  g +  s
lattice plane
Fig.2.3 A figurative illustration of 
the change in the amplitude of the 
transmitted and diffracted wave with 
passage through the sample.
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Fig.2.5 Thickness fringes 
in an unstrained wedge.
t
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Fig.2.6 The planes A and B in the unstrained material are 
deformed to the planes A ’ and B ’ in the strained material.
d is a vector normal to the planes A and B, it,smagniude is equal 
i
to their interplaner spacing, is the equivalent vector tor the 
planes A' and B ’. When the material is strained Q moves to Q ’
and P to P' , u and u are the displacement vectors of Q and P
1 2
respectively.
Fig.2.7 The s-value can be calculated from distances 
x and x which are shown in the figure.
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F i g . 2 .8  L oca tion  of d a ta  p o in ts
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F
F i g . 2 .9  D i s t r i b u t io n  of the  f iv e  d a ta  p la n es  in  the  wedge.
Fig.2.10 One of the five planes of data, 
where the lines cross is a data point
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Fig.2.13 One of the five data planes. 
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3 SIMULATION PROGRAM
3.1 Introduction
In this section the program which implements the image simulation 
will be explained and the code listed and described. The program’s 
task is to create, using the displacement data, a simulated image, 
in the form of a data file, which can be printed out on a laser 
printer as a two dimensional grey profile. The theory behind the 
program is explained in the theory chapter (chapter 2).
In order to reduce the overall run time of the main program the 
initial sorting of the data is performed by a separate program 
which needs to be run only once for a given displacement data file. 
Therefore the program is divided into two parts. The first changes 
the coordinates and outputs the sorted data to a file. The second 
part, the main program, then reads this file and can use the data 
directly in the simulation. The main program also reads a control 
file which contains all the information for the current run (e.g. 
g-vector, s-value etc). The control file is therefore all that 
needs to be changed to obtain different images.
The program was run on a prime system, which was the University of 
Surrey’s central computing facility. The full program took about 12 
hours CPU time to run, however, taking into account various 
symmetries the CPU time was reduced to about 6 hours. On a time 
share system, however, the actual run time is a lot longer than 6 
hours.
3.2 The Main Program
The flowchart for the main program is shown in fig. 3.1. The 
program starts by reading in the run data from the control file and
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the displacement data from a large file by the subroutine called 
DATCO . These data are stored in the array R which is returned to 
the main program but is only used in the FOTI (Find Order Truncate 
and Interpolate) and related subroutines.
The two nested "Do” loops in I (x-axis) and J (y-axis) move 
through the image plane (see fig.2.11) and at each point the 
integration column size changes with I. The integration Do loop in 
n (z-axis) therefore runs from -I to I. These three Do loops cover 
the whole wedge shaped block with a lattice of points at each of 
which the displacement is found and an integration performed. The 
displacement is treated as a constant over the cell around each 
points as is shown in fig.3.2. To obtain the displacement at a 
specific point, the coordinates of the point are sent to the 
subroutine FOTI which sorts the data.
Firstly the lines of data are sorted from the array R into an 
array P. They are then sent to the subroutine TRUN which finds two 
data points along the line on each side of the interpolation point 
in fig.3.3a, or if the interpolation point is next to the last 
point on the line, only three points are returned (fig.3.3b). The 
line is therefore truncated to the appropriate size to be sent to 
the interpolation subroutine INTERP which returns the required 
displacement data.
Having been through all the relevant data in R on one of the five 
planes, the data along the line parallel to the edge have been 
found (the line IL containing points C2 to C7 in fig.2.13) and are 
stored in the array PAB. This array is sent to TRUN and the 
truncated line of data returned from TRUN is then sent to INTERP 
which returns the interpolated displacement along the curve which 
cuts the five planes and is one of the points P01 to P05 in
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When all the five planes have been dealt with FIN contains the 
five data points along the curve ( P01 to P05 in fig.2.12 ), which 
are sent to the INTERP. The returned displacement from INTERP is 
this time the required displacement and is returned to the main 
program.
The above procedure is the only one used in the simulation 
presented in this thesis and is appropriate if the required data 
are in the region where the data lines are perpendicular to the 
edge (between LI and L7 in fig.2.13). This is also shown in 
fig.2.8, where the blocks B1, C, B2 make up the region used.
Outside this region, where the data lines are at an acute angle to 
the edge (the blocks Al and A2 in fig.2.8) the subroutine LOW is 
called from FOTI to sort the data for the interpolation. Its 
operation is exactly the same as that of FOTI except for one
difference: the data line parallel to the edge (the line IL in
fig.2.13) in FOTI is replaced by a curve in LOW (the curve through
the points FI to F5 in fig.2.13).
As explained in the theory section, the results obtained from LOW 
were not reliable. This can be seen in fig.3.6a, which shows the 
x-component of the displacement field over a 980a  square of the image 
plane, where the edge is at x=0.A, the center of the layer is at 
y=490.A and the interfaces are at y=390A and y=590A .
It can be seen that there are two ridges in the displacement 
parallel to the X-axis. These lines correspond to a discontinuous 
change in the displacement along the lines LI and L2 in fig.2.13. 
Fig.3.6b -shows the corresponding plot for the absolute value of the 
y-component of the displacement. The lines of discontinuous change
f i g . 2 .12 , and t h i s  i s  s to re d  in  the  a r r a y  FIN.
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in the displacement are even more pronounced in this plot. 
Therefore this part of the program was removed from the version 
used in the simulation in order to reduce the run time.
This of course reduced the area which could be used in the
simulations.
The integration of the Howie-Whelan equations was carried out by
the NAG library routine D02YAF. This routine integrates a system of
first-order ordinary differential equations over one step, and uses
Canale
the Merson’s Runge-Kutta method (PHILLIPS 1973 CHAPRA 1989). The
A
Howie-Whelan equations are therefore expressed as a ss^stem of 4
first-order equations and these are evaluated in the subroutine FCN 
which returns derivatives Y at the point X and is called from 
D02YAF. This means that all the other data have to be sent to FCN 
through the common block BIG. When the integration is completed at 
the end of a column the through beam and diffracted beam 
intensities are calculated and read out to a file.
3.3 The Data Sorting Program.
The program DP is used to sort the data from the finite element 
program into an order which is appropriate for the main program.
Firstly the subroutine DATCO is called. Here the data are read in 
from a file and scaled and transformed into the coordinates used in 
the image simulation. The data are passed back to the main part of 
DP in the array R.
In order to find the data on each line^the line direction needs 
to be known. The data lie on one of five planes as shown in fig.3.5 
and as explained in the theory section. The planes are
distinguished by the angle 6 (in the array THX) in fig. 3.4b. The
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position of the point where the line cuts the edge is given by Y 
(the array YSTH) in fig.3.4a.
Finally the angle, which the line makes with the edge of the wedge
is given by the 0 (the array THY) in fig. 3.4a. Each data line is
y
now defined by the three numbers Y , 0 , 9  . The unit vector in thes x y
direction of the general line is
V= (cos(6i ) - sin(t? ),cos(6i ),sin(9 ) ■ sin{9 ))
x  v  x  V
Now the general equation of a data point is
P = (0,Y ,0) + qV, (3.1)
where P=(P ,P ,P ) is the coordinate of the data point. From thisx y z
equation q for a given line is q = P /cos(9 ) ■ s in (& ). For anyx x y
point R=(R ,R ,R ) , putting P =R , q is found and this value is putx y z x v
back into equation (3.1) and if P =R and P =R then R is a point on
the data line.
The array scan, which contains the locations of the data lines in
terms of the angles 6 [scan(i,2) ] , 6  [scan(i,3)] and the position
along the edge, Y [scan(i,l)], in sequence down a plane, is then 
set up. Each data line is chosen by picking the appropriate element 
from Scan. This is done by the Do loop in IJK, which goes from 1 to 
5 (each number corresponding to one of the 5 data planes PI to P5 
in fig.2.9, defined by 9 in fig.3.4b), and the Do loop JK, which
X
runs from 1 to 27 and corresponds to the data lines on one of the 
five planes (Ml to M3, LI to L7, E3 to El in fig.2.13; note there 
are 27 lines in fig.2.10 where the actual distribution of lines is 
shown) .
The data in the array are then searched for the data points which 
lie on the line chosen by the Do loops. Having found all the points 
on a particular line thes7- are ordered according to increasing 
distance from the edge by the subroutine ORD and output to a file
35
(mydata)
There is a second program DQ, which does the same as DP, but only
finds the points on two data lines (EO and MO in fig.2.13). These
data are read into the main program and stored in the array RA
which is only used in LOW.
36
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F i g . 3.1 Flowchart f o r  main progr am.
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Block over which the  d isp lacem ent
is considered to be constant.
Fig.3.2
points chosen
Fig.3.3a The choice of data points
in the middle of a data line.
interpolation
points chosen
Fig.3.3b The choice of data points 
at the end of a data line.
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Fig.3.4a Definition of the angle t? and distance Y ,
F i g . 3 . 4b D e f in i t io n  of the angle 0
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i n t e r p o l a t i o n  p o in t
Fig.3.5 The arrangement of the five data planes.
P01 P02 P03 P04 P05 refer to Fig.2 12
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X-component of 
displacement R
3.1
I— 0 .4  
3.7  
1.0 
l .3
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0
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Fig. 3 . 6a The X -component of displacement R .
1.14 
0.48
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-0 .84
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Absolute value of the Y- 
component of displacement
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— 0.84
Fig.3.6b Absolute value of the Y-* component of displacement. IR I
* V  *
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3 .4  Program Code
PROGRAM STOUT
dimention P0(3),R(5,3211)
real w(4,7), y(4),G(3),V(3),RA(4,40)
real pi, sv, ego, egg, gr, egol, egob, scalf
integer Xsize, Ysize, stsize, Xcent, aona
character Tag*80, outfile*32
external fen
common/tad/R
common/big/pi,sv,ego,egg,gr,aona,scalf 
DATA TOL/O.1/
open(unit=6,f ile=’stout.ctr’) 
read(6,121) Tag
read(6,*) g(1),g(2),g(3),sv,egol,egob,scalf 
read(6,121) Tab
read(6,*) xsize, Ysize, stsize, Xcent, h
read(6,121) Tab
read(6,*) aona
read(6,121) Tab
read(6,*) outfile
print*, ’G-vector = ’,g(l),1,’,g(2),’,’,g(3) 
s-value = ’,sv 
extinction distance ’ 
layer = ’,egol
barear = ’,egob
scaling factor = ’,scalf
print*, 
print*, 
print*, 
print*, 
print*, 
print*, 
print*, output file name ’.outfile
open(UNIT=8,FILE=outfile)
Call DATC0(R,RA) 
pr int *,’DATA ENTERED’
PI=X01AAF(0) 
do 5 ijk =1, 3 
G(ijk) = G(ijk)/5.654 
iwl=4 
iw2=7
Do 40 J=0,Ysize,stsize
Do 40 1=0,Xsize,stsize
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c
if(j.It.(Xcent-100).or.j. gt.(Xcent+100))then 
ego = egob 
egg = egob*10
else
ego = egol 
egg = egol*10 
end if 
X=-I
P=2*I/H+1
C
y(l)=l 
y(2)=0 
y(3)=0.OeO 
y(4)=0.OeO 
do 20 n=l,p 
IF(I.EQ.O) THEN 
GR=0.0 
ELSE
P0(1)=I 
PO(2)=J-Xcent 
PO(3)=X 
IF(PO(2).GT.0.0) THEN 
PO(2)=-PO(2)
ENDIF
IF(PO(l).LT.TOL) THEN
DO 10 M=l,3 10
V(M)=0.0 
ELSE
IF{PO(2).GT.0.0) THEN 
PO (2)=-PO (2)
CALL FOTI(PO,V,PI,TOL,RA)
V( 2 ) =-V (2)
GR=0 
DO 15 IJ=1,3
15 GR=G(IJ)*V(IJ)+GR 
ELSE
CALL FOTI(PO,V,PI,TOL,RA)
GR=0
DO 16 IJ=1,3
16 GR=G(IJ)*V(IJ)+GR 
ENDIF
ENDIF
ENDIF
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call fcn(x,y,w(l,1)) 
call d02yaf(x, h, 4, y, fen, w, iwl, iw2) 
x=x+h 
20 continue
oo—y(1)**2+y(2)$$2 
og=y(3) **2+y(4)**2 
1VRITE(8,43) 00,OG 
30 continue
40 continue
C
44 FORMAT(14,17,2E14.4) 43
FORMAT(2E14.4)
121 format(a80)
stop 
end
C
subroutine fcn(t, z, f) 
real f(4), z(4) 
real sv, pi,s,c,o
complex i ,ep,oo,og,expl,exm,outo,outg 
integer aona
common/big/pi,sv,ego,egg,gr,aona,scalf
gr = gr*(l+scalf)
o=2*pi*(sv*t+gr)
s=sin(o)
c=cos(o)
if(aona.eq.0) then
f(1) =-PI*(z (2)/ego+(z(3)* s+z(4)*c)/egg) 
f(2) = pi*(z(1)/ego+(z(3)*c-z(4)*s)/egg) 
f(3) =-pi *(z (4)/ego+(-z(1)*s+z(2)*c)/egg) 
f(4)=pi*(z (3)/ego+(z(1)*c+z(2)*s)/egg) 
else 
expl=cmplx(c,s) 
exm=cmplx(c,-s) 
oo=cmplx(z(1),z (2)) 
og^cmplx(z(3),z (4)) 
i=cmplx(0.0,1.0)
ep^cmplx(1/ego,1/egg) 
outo=i*PI*(ep*oo+ep*og*expl)
outg=i*pi*(ep*og+ep*oo*exm) 
f(1)=real(outo) 
f(2)=aimag(outo) 
f(3)=real(outg) 
f(4)=aimag(outg)
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end if
return
end
INTERPOLATION POINT **********
SUBROUTINE FOTI(Q,V,PI,TOL,RA)
REAL R(5,3211),THX(5),FIN(4,5),RA(4,40)
REAL V(3) ,Q(3) ,THY(6) ,P(4,40) ,PH(4-,5) ,PAB(4,40) ,YSIH(35) 
INTEGER SUM, MAXNU, PSNU 
common/tad/R
DATA THX/-0.25,-0.1227735,0.0,0.1227735,0.25/
DATA THY/1.1457726,1.33333333,1.5943,2.6825,4.0,7.860/
DATA YSTH/-650,-650,-650,-650,-550.0,-450,-350.0,
* -250,-225,-200,-175,-150,-125,-100,-75,-50,-25,0,
* 25,50,75,100,125,150,175.0,200,225.0,250,350,450,550,
* 650,650,650,650/
DATA MAXNU/650/
DATA PSNU/35/C
DATA ST/0,609,1215,2412,3021/
QX=Q(1)
QY=Q(2)
QZ=Q(3)C
PRINT *, QX , QY, QZ 
DS=SQRT(QX* * 2+QZ* *2)
POA=ATAN(QZ/QX)+PI* 0.2 5 
IF(QY.LT.-MAXNU) THEN
Q(2)=Q{2)+MAXNU
CALL LOW(R,RA ,V ,Q ,THX,THY, POA,PI)
GOTO 600 
ENDIF
IF (QY.GT. MAXNU) THEN 
Q(2)=-Q(2)+MAXNU
CALL LOW (R , RA , V , Q , THX, THY, POA, PI)
GOTO 600 
ENDIF 
SUM = OC 
IJK = 20 
IJ = 1
DO 500 IJK=1,5
D=DS
NN=0C
SUM=ST( IJK)
NUM2=0
DO 400 IJ=1,PSNU 
D=DS
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100
150
400
IF(IJ.EQ.l) THEN 
D=D/SIN(PI/THY(1)) 
YSTH(l)=D*OOS(PI/THY(l))-MAXNU 
ENDIF
IF(IJ.EQ.2) THEN
D=D/SIN(PI/THY(2))
YSTH(2) =D*OOS(PI/THY{2))-MAXNU 
ENDIF
IF(IJ.EQ.3) THEN 
D=D/SIN(PI/THY(3))
YSTH(3)=D*COS(PI/THY(3))-MAXNU 
ENDIF
IF(IJ.EQ.33) THEN 
D=D/SIN(PI/THY(4)) 
YSTH(25)=D*C0S(PI/THY(4))+MAXNU 
ENDIF
IF(IJ.EQ.34) THEN 
D=D/SIN(PI/THY(5))
YSTH(26)=D*COS(PI/THY(5))+MAXNU 
ENDIF
IF(IJ.EQ.35) THEN 
D=D/SIN(PI/THY(6))
YSTH(27)=D*COS(PI/THY(6))+MAXNU 
ENDIF
DO 100 1=1,NN
II=I+SUM-NN 
DO 100 J=l,4
P(J,I)=R(J+l,11)
IF(ABS(P (1,NN)).GT.D ) THEN
CALL TRUN(NN,P ,D ,PH,N )
CALL INTERP(D ,N ,PH ,V )
NUM2=NUM2+1
PAB(1,NUM2)=YSTH(IJ)
DO 150 1=2,4 
PAB(I,NUM2)=V(1-1)
ENDIF
CONTINUE
CALL TRUN(NUM2,PAB,QY,P H ,N)
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CALL INTERP(QY, N ,P H ,V )
FIN(1,IJK)=PI*(0.25+THX(IJK))
DO 160 1=2,4 
160 FIN(I,IJK)=V(1-1)
500 CONTINUE
CALL INTERP(POA,5,FIN,V)
600 RETURN 
END
C
SUBROUTINE DATCO(R ,RA)
REAL R(5,3211),RA(4,40)
OPEN (UNIT=7 , FILE= ’ MYDATA1 )
OPEN(UNIT=5,FILE=* MYDATAB’)
DO 100 1=1,3211
100 READ (7,*)R (1,1),R(2,1),R(3,1),R(4,1),R(5,1)
DO 150 J=1,29
150 READ(5,*) RA(1,J),RA(2,J),RA(3,J),RA(4,J)
RETURN 
END
C
SUBROUTINE TRUN(N,P,Q,A,NN)
REAL P(4,40),A(4,5)
DO 150 11=1,N
IF(Q.LT.P(l,II)) THEN 
ICH=II-1 
GOTO 170 
ENDIF 
150 CONTINUE
170 IF(ICH.EQ.1 .OR.ICH.EQ.2) THEN 
DO 180 J=1,3
DO 180 K=1,4 180 A(K,J)=P(K,J)
NN=3 
GOTO 
250 ENDIF
IF(ICH+1.EQ.N) THEN 
DO 190 J=1,3 
DO 190 K=1,4
190 A (K ,J )=P(K ,J+N-3)
NN=3
GOTO 250 
ENDIF
IF{ICH.NE.1 .AND.ICH.NE.2.AND.ICH+1.NE.N) THEN 
DO 200 J=1,4
DO 200 K= 1,4
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200 A(K, J) =P(K, ICIi+J-2)
NN=4
250 ENDIF
RETURN 
END
C
SUBROUTINE INTERP(A,N,B,V)
C A=GIVEN POINT B=DATA N=NUMBER OF POINTS V=RETURNED VALUE 
REAL A,B(4,5),V(3)
ASUM=0
BSUM=0
CSUM=0
DO 200 1=1,N
T=1
D=1
DO 100 J=1 ,N 
IF(I.EQ.J) GOTO 100 
T=T*(A-B(l,J))
D=D*(B(1,I)-B(1,J))
100 CONTINUE
ASUM=B( 2,1) *T/D+ASUM 
BSUM=B(3,I)*T/D+BSUM 
CSUM=B(4,I)*T/D+CSUM 
200 CONTINUE 
V (1)=ASUM 
V (2)=BSUM 
V (3)=CSUM 
RETURN 
END
C
SUBROUTINE LOW(R1RA,V,Q,THX,rIHY,POA,PI)
REAL R(5,3211),Q(3),RA(4,40),V{3),FT(4,5)
REAL FIN(4,5),POST(4,5),POL(4,40),ST{5)
REAL THX(5),THY(6)
DATA ST/0,647,1282,1929,2564/
DATA TOL/O.l/
DS=SQRT(Q(1)**2+Q(2)**2)
IF(ABS(Q(2)).LT.TOL) THEN 
THTA=0 
POB=PI/4 
ELSE
THTA=ATAN(ABS(DS/Q(2)))
POB=ATAN(ABS(Q(l)/Q(2)))
ENDIF
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75
100
140
150
200
250
300
C=DS/sin(THTA)
CALL TRUN (30, RA , C , F T , NN)
CALL INTERP(C,NN,FT, V)
POST(1,1)=0 
DO 50 K=2,4 50 
POST(K ,1)=V(K-l)
DO 300 I JK=1,5 
IS=0 
NC=0 
DO 200 JK=1,4 
N=29
IF(IJK.EQ.2.OR .IJK.EQ .4) THEN 
IF(JK.EQ.l) THEN 
N=26 
ENDIF
IF(JK.EQ.2) THEN 
N=28 
ENDIF
ELSE 
N=30 
ENDIF 
DO 100 1=1,N 
IS=I+NC+ST(IJK)
DO 75 J=1,4
POL(J,I)=R{J+l,IS) 
CONTINUE 
NC=NC+N
IF(POL{l,N).LT.C) THEN 
POST(1,JK+1)=PI/THY(7-JK) 
DO 140 K=2,4
POST(K,JK+1) = 0 . 0  
GOTO 200 
ENDIF
CALL TRUN(N, POL, C , FT , NN)
CALL INTERP(C,NN,FT,V)
POST (1, JK+1) =PI/IHY( 7-JK)
DO 150 K=2,4 
POST{K ,JK+1)=V(K-l)
CONTINUE
CALL INTERP(POB, 5,POST,V) 
FIN(1,IJK)=PI*(0.25+THX(IJK)) 
DO 250 1=2,4
FIN(I,IJK)=V{1-1)
CONTINUE
50
CALL INTERP(POA,5,FIN,V)
R E T U R N
END
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PROGRAM DP
COMMON/BIG/ R(6,2989),SCAN(500,3)
REAL THX(-2:2),THY(7),YSTH(9),POL(5,40)
DATA TOL/2/
DATA THX/O.25,0.1227735,0.0,-0.1227735,-0.25/
DATA THY/1.1457726,1.3333333,1.5943,2.0,2.6825,4.0,7.860/ 
DATA YSTH/25,50,75,100,125,150,187.5,225,262.5/
OPEN (UNIT= 7, FILE= ’ MYDATA ’ )
P=X01AAF(0)
CALL DATLO(R)
ISCAN=0 
C I=-2
DO 20 I=-2,2,1
DO 21 K=l,4 
ISCAN=ISCANT1 
SCAN(ISCAN,1)=-300 
SCAN(ISCAN,2)=PI*THX(I)
21 SCAN(ISCAN,3)=PI/THY(K)
DO 22 K=9,1,-1 
ISCAN=ISCAN+1
SCAN(ISCAN,1)=-YSTH{K )
SCAN(ISCAN,2)=PI*THX(I)
22 SCAN(ISCAN,3)=PI/2.0
ISCAN=ISCAN+1
SCAN(ISCAN,1)=0
SCAN(ISCAN,2)=PI*THX(I)
SCAN(ISCAN,3)=PI/2.0 
DO 23 K=1,9 
ISCAN=ISCAN+1 
SCAN(ISCAN,1)=YSTH(K )
SCAN(ISCAN,2)=PI*THX(I)
23 SCAN(ISCAN,3 )=PI/2.0 
DO 24 K=4,7
ISCAN=ISCAN+1 
SCAN(ISCAN,1)=300 
SCAN( ISCAN, 2) =PI*THX( I)
24 SCAN( ISCAN, 3)=PI/THY(K)
20 CONTINUE
NOS=ISCAN 
NSUM=0
DO 400 IJK=1,5 
DO 400 JK=1,27 
IS=JK+(IJK-1)*27
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VS=SIN(SCAN(IS,3))
VX=COS(SCAN(IS,2))*VS 
VY=COS(SCAN(IS,3))
VZ=SIN(SCAN(IS,2))*VS 
YS=SCAN(IS,1 )
C SCAN TO FIND POINT ON A LINE
N=0
DO 100 1=1,2989 
A=R(1,I)/VX
DFX=ABS (R (2 , 1 ) -YS-A*VY)
DFY=ABS(R(3,I)-A*VZ)
IF(DFX. LT.TOL.AND.DFY.L.T.TOL) THEN 
N=N+1
POL(2,N)=(SQRT(R(1,I)**2+R(3,I)**2))/VS 
DO 70 L=3,5 
70 POL(L ,N )=R(L+l,I)
ENDIF 
100 CONTINUE
DO 300 1=1,N 
300 POL(l,I)=N 
NSUM=NSUM+N 
C END SCAN
CALL ORD(POL,N)
DO 250 1=1,N
250 WRITE(7,251) POL( 1 , 1 ) ,POL(2 , 1 ) ,POL(3, 1 ) ,POL(4 , 1 ) ,POL(5 , 1) 
400 CONTINUE
251 FORMAT(F5.1,F12.4,3F16.6)
STOP
END
C
SUBROUTINE ORD(P,N)
REAL P(5,40),STOR(4)
DO 20 1=1,N
DO 20 J=I+2,N
IF(P(2,I).GT.P(2,J)) THEN
DO 10 K=2,5
STOR(K-l)=P(K,I)
P(K,I)=P(K,J)
P(K,J)=STOR(K-l)
10 CONTINUE 
ENDIF 
20 CONTINUE 
RETURN
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END
SUBROUTINE DATLO(R)
REAL R(6,2989)
C COMMON/BIG/ R(6,2989),
DATA WW/200.0/
DATA NDATA/2989/
OPEN(UNIT=5,FILE=’BMI.DISP’) 
DO 10 JJ=1,NDATA 
READ(5,*)II,X)Y,Z,E,S,T 
SG=SQRT(2.0)
Z=Z-65.5 
R(l,JJ)=(X+Y)*WW/SG 
R(2,JJ)=Z*WW 
R(3,JJ)=(X-Y)*WW/SG 
R(4, JJ) = (E+S)*W/SG 
R(5,JJ)=T*WW 
R(6,JJ)=(E-S)*WW/SG 
10 CONTINUE 
RETURN 
END
C
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PROGRAM DQ 
REAL POL(4,50)
DATA TOL/.l/
OPEN(UNIT=7 , FILE= ’ MYDATAB ’ )
CALL DATLO(R)
N=0
DO 100 1=1,2989
IF(R(1,I).LT.TOL.AND.R(2,I).LE.-300.AND.
* R(3,I).LT.TOL) THEN
N=N+1
POL(1 ,N)=-(R(2,I)+300)
DO 70 L=3,5 
70 POL(L-l,N)=R(L+1,I)
ENDIF 
100 CONTINUE
DO 400 11=1,N
400 WRITE(7,251) POL(1,II),POL(2,II),POL(3,II),POL(4,II) 
251 FORMAT(F12.4,3F16.6)
STOP
END
C
SUBROUTINE ORD(P,N)
REAL P(5,40),STOR(4)
DO 20 1=1,N
DO 20 J=I+2,N
IF(P(2,1).GT.P(2,J)) THEN
DO 10 K=2,5
STOR(K-l)=P(K,I)
P(K,I)=P(K,J)
P(K,J)=STOR(K-l)
10 CONTINUE 
ENDIF 
20 CONTINUE 
RETURN 
END
C
SUBROUTINE DATL(R)
REAL R(6,2989)
DATA WW/200.0/
DATA NDATA/2989/
OPEN(UNIT=5,FILE=’BMI.DISP’)
DO 10 JJ=1,NDATA 
READ(5,*)II,X,Y,Z,E,S,T
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SG=SQRT(2.0)
Z=Z-65.5
R(1,JJ)=(X+Y)*WW/SG 
R(2,JJ)=Z*WW 
R(3,JJ)=(X-Y)*WW/SG 
R (4,JJ)=(E+S)*WW/SG 
R(5,JJ)=T*WW 
R(6,JJ) = (E-S)*W/SG 
10 CONTINUE
PRINT *, ’DATA ENTERD’
RETURN
END
56
Control f i l e
This is an example of the control file used to input data to the 
simulation program.
G-vector{x y z), s-value, ext dist layer, bar) seal fact
0 .0  4 .0  0 .0  0 . 0  8 7 2 .2 4  8 7 2 .2 4  - 0 . 3
x size, ysize, step size, x center, Zstep 
980 980 20 650 20
1 for absorption, 0 for no absorption 
1
output file name 
zbdnr.out
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4 EXPERIMENTAL
The samples were wafers which consisted of GalnAs epitaxial 
layers grown onto (100) GaAs substrates,by molecular beam epitaxj^ 
(MBE). The microscope used was a JEOL 2000 FX transmission electron 
mici'oscope operated at 200kV.
4.1 Wedge Preparation
Specimen preparation for TEM was done in the following way: First
a small section of material was cleaved from the wafer, using a 
scalpel blade, to a size of about a lcm~. The cleavage planes in 
the sphalerite structure are {110} and thus the edges of the 
cleaved square are aligned along crystallographic <110> directions. 
The square was then thinned from the substrate side after mounting 
it on a glass slide confined at two sides by cover slips using 
white wax as shown in fig.4.1. The substrate material was removed 
with 1000 grain paper until the specimen was of about the same 
thickness as the cover slips, i.e. approximately 150 tim.
After melting the wax the specimen was removed and washed in 
trichloroethylene to remove all excess wax. Using the scalpel again 
the square was further cleaved into strips of a width of 1mm. The 
strips wrere then indented on {100} at regular intervals of about 
300 um as indicated in fig.4.2 with a micro-hardness tester using a 
100 gm load for about 15 seconds.The indents were diamond shaped 
with their diagonals parallel to the <110> directions of the edges.
The sample was now ready to be cleaved along the second set of 
faces. For this purpose a strip was placed between two glass slides 
as shown in fig.4.3. A cocktail stick was used to align the 
diagonal of an indent with the edge of the slide leaving the end of
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the sample protruding. The small pressure applied to the 
protruding end of the strip was usually enough to cause the 
material to cleave through the indent.
Having cleaved a selection of small blocks it was necessary to 
inspect them under an optical microscope to find corners which 
looked undamaged and worth inspecting in the electron microscope.
This was done by placing the blocks on PVC- tape supported on a
glass slide. With the aid of a cocktail stick each of the {110}
faces of a block was orientated in such a way that the microscope 
light reflected from its surface (Fig.4.4). If a face was found to 
have the edge and corner next to the epitaxial layer in very good 
condition the block was mounted on a specially designed specimen 
holder. The holder consisted of a ring of brass with the inner face 
inclined at 45 , (fig.4.5). A spot of glue was deposited on the 
inclined surface of the specimen holder and the block then placed 
on this glue with the corner of interest pointing towards the
center of the ring.
This procedure insured that when placed in the electron microscope 
the specimen block was inclined at 45" to axis of the electron beam 
which penetrated the block along the edge as shown in
fig.4.6.
4.2 Planar Samples
In order to produce planar samples a block of material of about 
lcm area was thinned mechanically from the substrate side as 
described above (also fig.4.1). A 3mm disk was cut from the block 
using a high speed drill . This disk was then ion beam milled from 
the substrate side to perforation.
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4 .3  F ig u re s  Chapter 4
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cover s l i p s
1mm
<110>
slide
<110>
<101 >
Fig.4.2 Hie position and 
orientation of the indents
<101>
Fig.4.3 Cleaving mount.
\
/
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lmm 1mm
0. 5mm 0. 5mm
3mm
sample
block
corner to be 
observed
holder
F i g . 4 .6  C ro sse c t io n  of th e  sample mounted on th e  holder.
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5 RESULTS
In this section the experimental and theoretical results will be 
presented in order to make comparison between the two.
5.1 Experimental Results
5.1.1 Image of a Wedge without Strain
oFig.5.1 shows a micrograph of the diffraction contrast of a 90 
wedge. The image consists of a series of strictljr equispaced and 
parallel bright and dark bands or thickness contours. The overall 
contrast becomes less pronounced and the image darker with distance 
from the edge. From chapter 2 we know that the wedge thickness t 
penetrated by an electron beam parallel to the [001] direction is 
twice the distance d from the edge, t=2d. We also derived in that 
chapter how the spacing of the thickness contours T is related to 
the extinction distance / and the deviation parameter s through the 
expression T=l/2s s ..is defined in equation (2.3). The fringe
0 i 'i ' ft i f
spacing thus is largest when s=0. In this case the extinction
distance is equal twice the thickness t at the maximum of the k
bright extinction contour.
In order to determine the extinction distances for GaAs and
Ga In As experimentally a TEM image with maximum fringe 
0 .8  0 .2
separation was taken to ensure that s was zero. Then the extinction
distance was obtained by measuring the distance of maximum fringe 
thcontrast of the k bright contour from the edge. The extinction 
distance was derived according to the equation T=£"/2. For GaAs a 
value of 87nm, and for GalnAs the same value was determined within 
the error limits.
The extinction distance was also calculated according to the
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formula q =,IiVcosy/XF , where V is the volume of the unit cell, 6 the 
Bragg angle for a given reflection g, X is the electron wavelength 
and F the structure factor for reflection g. The structure factor 
F is composed of the scattering amplitudes f (>9) of each atom in the 
unit cell {HIRSCH 1965). Relativistic corrections have to be taken 
into account when choosing the atomic scattering amplitude from the 
tables (HIRSCH 1965). The calculated extinction distance for GaAs 
is thus is 8 7. 2nm and 8 5. 2nm for Ga In As, giving very good 
agreement with the experimental value. There is only a 2% change in 
the extinction distance between the layer and the surrounding GaAs 
and this will not cause an observable shift in the thickness 
fringes.
5.1.2 Image of a Wedge containing a Strained Layer 
Once the extinction distance is known, the deviation parameter s 
can be determined from the extinction contour spacings as shown in 
chapter 2 equation 2.8, which is
where n=l and t=4T^ .
In a perfect crystal the s-value is constant throughout. In a 
crystal with a local disturbance of the lattice the s-value 
undergoes a local change. Fig.5.2 shows the bending of thickness 
contours on both sides of a strained layer of Ga In As in GaAs 
due to a change in s . In this case the disturbance of the lattice 
is due to partial relaxation of the strained structure at the free 
surfaces in the vicinity of the layer.
The bulk s-value (i.e. the s-value far away from the layer) in
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fig.5.2 could be determined to be close to zero. Following the line 
of maximum contrast of a certain thickness fringe (e.g. the third 
bright fringe) it is possible to determine the change in s-value 
along this contour by measuring its distance from the edge. This is 
shown schematically in fig.2.7 and the method is described in 
chapter 2.
Fig.5.3 shows s-value profiles for different thickness contours in 
the sample of fig.5.2. The s-value is proportional to the strain 
(see theory chapter 2) and so by obtaining s-value profiles for 
different thickness contours one can map the strain distribution in 
the sample. The reflection in fig.5.2 was g=040.
Fig.5.4 shows a profile of the £ component of the strain tensor
in a structure of the geometry shown in fig.5.5. The strain in the
indicated plane was calculated analytically. The calculation will
not be described here in detail but it is described in one of the 
Char si ey,Faux poodhewllarvey 
references (BANGERT 1989). Tne measured s-values shown here are/V
proportional to £ and not £ . However, it should be noted that
yz yy
the s-value and the strain profile are very similar, which proves 
the close connection of the two parameters.
040 r e f l e c t i o n
As will be discussed later the TEM images are markedly different 
for different reflections: in the 040 reflection the bending of the 
thickness contours extends far into the crystal on both sides of 
the layer. Within the strained layer the thickness fringe bending 
reaches its maximum and sharp 'cusps’ can be observed. (Fig.5.2 
and 5.15).
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In the 400 reflection the thickness fringe bending drops off much 
faster on both sides of the layer and in the center of the layer 
the contrast is very diffuse, fig.5.6 shows an example of an image 
taken with g=400 and a bulk s-value of zero. Fig.5.7 shows s-value 
profiles (which are proportional to £  ) at different depths in the
sample for the 400 reflection and fig,5.8 shows the analytically 
determined values for the £ strain component. Note again the 
similarity of s and strain profiles, in particular the negative 
values (dips) on both sides of the maximum, which are even more 
prominent in the 040 reflection (this will be discussed in chapter 
6 ) .
5.1.3 The Effect of the s-value on the Images
The images change dramatically when the bulk s-value changes’. So 
for the TFM micrograph in figs.5.2 and 5.6 the bulk s-value is 
close to zero and the contrast is very strong. In fig.5.9 (g=040)
the bulk s-value is 4x10 ' A .  Accordingly the overall spacing of the 
thickness contours as well as the overall contrast is reduced. In
fig.5.10 the bulk s-value is much larger, namely 2.2 ~A and the
fringe spacing is very narrow, the contrast weak and the details
within the strained layer become indiscernible, figs.5.11 and 5.12 
show images for increasing s-value for the reflection g=400.
5.1.4 Observations in Individual Strained Layer Structures 
S in g le  Quantum Well
Figs.5.2 and 5.6 show wedge diffraction contrast of a structure
containing one buried strained layer only. On one side this layer
400 r e f l e c t i o n
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is confined by a virtually infinitely thick substrate, on the other 
side by a capping layer of 5 times the thickness of the strained 
layer. As will be dealt with in the discussion it can be observed 
that there is an asymmetry of the thickness contour bending with 
respect to the center plane through the strained layer. Furthermore 
a slight curvature along the specimen edge and a kink at the 
intersection of the strained layer and the edge can be observed. 
This is due to asymmetrical strain relaxation, the reasons and 
implications for which will be discussed in greater detail in 
chapter 6.
In order to get an overview of the dislocation situation near the 
substrate-epilayer interface, specimens showing a top view of the 
structure and containing the interfaces between strained layer and 
substrate and strained layer and capping layer have been prepared 
for TEM by thinning from the substrate side.
M i s f i t  d i s l o c a t i o n s  are revealed in the substrate interface, which
run strictly parallel to each other as can be seen in figs.5.13 and
_ _  o5.14. They are all 60 dislocations and have an average spacing of 
740 ran.
According to calculations of misfit strain relaxation as a
Goodhew
function of dislocation type and spacing (DIXON 1990) the maximum
A'
relaxation achieved by these interfaeial dislocations is of the
order of 0.03%. The fact that these dislocations are unidirectional
and hence there is only one set of 111-planes responsible for the
Lienet,Bimberg Fischer-Colbrie 
dislocation glide (orthorhombic distortion GRUNDMANN 1989), can be
seen to be a possible reason for the unsymmetrical strain
r e l a x a t i o n  observed.
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Mul t i p i  e Quan turn Wei 1 
Fig.5.15 shows part of a multiple quantum well structure with 
wells of increasing thickness from 4nm to 22nm in increments of 
2nm. In this micrograph the wells 14,16 and 18nm are shown. The
GaAs barriers between the Ga In As wells were of a constant
width of 90nm.
As the well width increases the bending of thickness contours 
extends further into the barriers. Whereas between the thinner 
wells the barriers are completely relaxed between the thicker wells 
complete relaxation is not achieved. This can be seen when 
comparing the spacing of thickness contours in the barriers with 
the spacing in the substrate: between the thick wells the spacing 
remains smaller than in the substrate. This means there is a 
certain amount of strain transfer between adjacent layers across 
the barrier.
5.2. Image Simulation Results 
In this section computed TEM images will be presented as the 
parameters g, s and R are systematically varied. These images are 
obtained with the program, described in chapter 3 which is based on 
the finite element theory and the theory of electron diffraction 
contrast, as described in chapter 2.
5.2.1 Image of a Wedge without Strain
oThe image in fig.5.16 is of a 90 wedge without strain and s=0. It
is similar to the TEM micrograph in fig.5.1 and consist of a
sequence of bright and dark fringes equispaced at a distance of
F /2. The effect of the anomalous absorption f can be seen in an 
S
o v e r a l l  fa d in g  of th e  c o n t r a s t  as the  d is ta n c e  from the  edge ( i . e .
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th e  th ic k n e s s )  in c re a s e s .
5.2.2 Simulated Image of a Wedge containing a Strained Layer
Fig.5.17 and 5.18 show a section of a wedge containing a layer 
with 1.4% misfit strain at s=0. This is the strain value deduced 
from the known differences in lattice parameter for the system
Ga In As/InP. Fig. 5.17 on the top shows the simulated image for
O. 8 0 .2
g=040, fig.5.18 on the bottom for g=400. In all the simulated 
images the thickness of the bulk material on the top and bottom of 
the layer is 2.75 and 1.25 layer thicknesses respectively. The 
layer resembles a band running parallel to the horizontal axis. The 
left vertical axis of the figure is the wedge edge. Here the 
contrast is lightest as expected . It becomes darker as the 
distance from the edge increases, which is to be expected as 
anomalous absorption has been taken into account.
There is a marked bending in the extinction contours near the 
layer. The images are very different for the two reflections. 
Reflection g=040 reveals contrast changes in the layer center. 
Reflection g=400 reveals little contrast in the layer and the drop 
off of the extinction contours in the interface region is much 
steeper than for the 040 reflection. There is a very close 
relationship between experimental and simulated images (compare 
figs 5,2 and 5.6), However, there is more detail in the computed 
images then in the experimental images. The experimental images 
become a lot darker closer to the edge then the computed images. 
These two differences may be due in part to f having a value which 
is lower than the correct value.
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5.2.3 The Effect of Changes in the s-Value and the 
Extinction Distance on the Images 
The influence of changes in the parameters which affect the 
effective s-value s on the computed images were systematically 
investigated:
p o s i t i v e  s - v a lu e s  
Fig.5.19 shows simulated images for g=040 and misfits f=1.26, 1.4% 
and 1.54%. The s-value increases from 0 to 8x10 A  in increments 
of 2x10 * A *. Fig. 5.20 shows the equivalent images for g=040. In 
general as the s-value increases the contrast becomes fainter and 
the details become washed out (see for example the first and the 
last row in figs 5.19 and 5.20.). The best image contrast is 
obtained with s-values very close to 0.
n e g a t iv e  s - v a l u e s  
Fig.5.21 shows a comparison between positive and negative 
s-values. All the simulations in the previous figures have been 
performed for positive s-values. Fig.5.21b and d show computed 
images for negative s-values, which correspond to the positive 
s-values in fig.5.21a and c. These are simulations for g=400. 
Figs.5.21e to f show the counterparts for the reflection g=040.
It can be said that the most obvious difference is in the 400 
reflection just outside the layer, where with negative s-values the 
kink in the extinction distance (see also fig.6.3b point C) is 
continuous (fig.5.21b and d), whereas with positive s-values there 
is an interruption (see fig.5.21a and c.) .
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There are also recognizable but small differences within the layer 
(compare to point A in fig.6.3b), These would probably not be 
resolved on TEM experimental micrographs. In the 040 reflection 
there are hardly any differences (see figs.5.21e to f).
It can be concluded that the overall shape remains similar with
some small changes in detail for positive and negative s. However, 
a change in the absolute value of s, and not in the polarity, 
results in markedly different images.
e x t i n c t i o n  d i s ta n c e
Fig. 5.22 shows images for the same s-value but for different 
extinction distances for the two reflections g=400 (fig.5.22a, b 
and c) and g=040 (fig.5.22d, e and f). The effect of the extinction 
distance shows up in the thickness fringe spacing. The general 
shape of the extinction contour pattern is unchanged.
However, in the 400 reflection the contrast becomes darker with
increasing extinction distance and the detailed contrast changes
i.e. the third extinction contour runs into the second contour in 
fig.5.22c, whereas they are separate in fig.5.22 b.
In the images of the 040 reflection the contour pattern is onlj'-
scaled by the change in the extinction distance. The pattern gets
larger with increasing extinction distance. Therefore with
fig.5.22d it is possible to see more of the contour pattern than
can be seen in fig.5.22e, as the pattern gets larger but the frame 
of the image stays the same. The shape of the pattern is not 
altered to any large degree in this refection with f .
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anomalous a b s o r p t io n  
Fig.5.23 shows the effect of anomalous absorption; a and c are
images for zero anomalous absorption and s-values of 0 and
8x10 ~a  * with g=400. Figs. 5.23b and d for comparison take 
anomalous absorption into account where (=872nm. Fig.5.23e, g and 
f, h are the counterparts for g=040.
The images without anomalous absorption are very light and have 
lost most of their contrast. It is not possible any more to 
recognize the extinction contour pattern. This shows the importance 
of the anomalous absorption parameter for electron diffraction 
contrast of a wedge.
5.2.4 The Effect of the Strain Value on the Images 
The three columns in Fig.5.19 and 5.20 show images for the strain
values of 1.26, 1.4 and 1.54 %. The images differ markedly. The 
rows from top to bottom show images of increasing s-values of 0, 
2x10 , 4x10 * and 8x10 'A ~. It can be observed that the changes
in strain and s-value have a stronger effect on the 400-images than 
on the 040-images.
5.3 Matches of Experimental and Computed Images 
S in g le  Quantum Well 
Firstly the results of matches between a TEM image of a GaAs 
sample containing a single strained layer of Ga In As are 
presented. The In content of this sample was determined by PL to be
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20%, which would produce a misfit strain of 1.4%. The experimental 
images are those from fig.5.2 for g=040 and from fig.5.6 for g=400. 
These images are unsymmetrical with respect to a the line of 
symmetry, expected from the theoretical model, through the center 
of the layer parallel to the interface . The images can not be 
matched by a computer image using a single strain value.
In the case of the 400 reflection the strain value on the bulk 
side of the specimen is best matched by fig.5.24b, i.e. with 
f=1.38% and zero s-value, on the capping layer side, however, by a 
slightly higher strain value of 1.4%. and an s-value of 4x10 'A 
(see fig.5.20g). This reflection is very sensitive to changes in 
strain and can pick up differences of 0.01%.
The comparison with the TEM image for the 400 reflection using the 
two different strain values on the bulk and capping layer side is 
shown in fig.5.27.
The comparison between computer and experimental image for the 040 
reflection is shown in fig.5.25. The computer image is composed of 
two images with the strain and s-values as in the 400 case, but 
this reflection is not so sensitive to strain variations and in 
fact differences in the simulated image contrast would not be 
noticeable on the two sides of the layer, if it were not for the 
difference in s-value. The fit is, however, better near the edge 
where the strain calculation from the finite element program and 
the interpolation in the simulation program are more accurate (see 
chapter 2). The fit with the simulated images inside the layer in 
the 040 reflection is also not optimal. This is due to the initial 
conditions used in the finite element calculation.
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A possible cause for the asymmetry of the strain is already 
mentioned under 5.1.4.: unidirectional dislocations were observed 
in plan view TEM, which introduce anisotropic strain relaxation.
With an optimization of the computer program, i.e. with shorter 
running times, a value closer to the true strain can be ascertained 
within a reasonable time limit. This option was, howevei^ not 
available.
Altogether it can be said that the agreement between the measured 
strain value of 1.4% in the dislocation free interface i.e. the 
strained/capping layer interface, and the value deduced from PL in 
this structure is very good.
M u l t ip le  Quantum Well
Fig. 5.26 shows the comparison of a computer image and a TEM image 
of the multiple quantum well structure from fig.5.15. Fig.5.26 
shows one well of this structure. Here the image is symmetrical and 
a remarkable good fit can be achieved with the simulated image of 
fig. 5.20b using a strain value of 1.26 %. This strain is about 10% 
lower than the expected value.
However, PL measurements of the In-content give results of 18% 
rather than 20%. So the In-content is also 10% lower than the 
alleged value, which makes the agreement excellent.
Unlike the images of the strained single quantum well (fig.5.2) 
the images of the multiple quantum well are symmetrical. Plan-view 
TEM investigations revealed a crosshatch of dislocations, i.e.
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dislocations in the [110] and the [110] directions (Dixon private 
communication). So the strain relaxation introduced by the 
dislocations is expected to be rather ’isotropic’, in contrast to 
the single well sample.
l a r g e  s - v a l u e s
Finallj'- it should be noted that in the case of the experimental
image of fig.5.9, showing contrast for the single quantum well with 
g=040 and with bulk s-value of 4x10 'A ~ . similarity can be seen 
with the simulations in fig.5.19g for the bottom 
(substrate/epilayer) and fig.5.19h for the top (epilayer/cap) 
interface, corresponding to s=4xl0 ‘ and 8x10 ~A This agrees 
with the difference in s-value in this sample on both sides of the 
interface, as established before.
The highest s-value used in the simulation in fig.5.20h for g=400 
was 8x10 "A*. In the experimental image in fig. 5.11 for the 400 
reflection the s-value was 1.3x10 *A but shows nevertheless 
some similarity with fig.5.20h.
Despite the fact that the very large s-values of 2.2x10 ° and
4.9x10 A A in the experimental images of figs. 5.10 and 5.12 have 
not been used in the image simulations, and no comparison can be 
made in these cases, the above observations indicate the agreeable 
trends for the change in images with large s in the experimental
and in the simulated case.
One has to bear in mind that the experimental images were taken in 
dark field, which causes a contrast reversal, so that all the light 
patches in figs.5.9 and 5.11 correspond to dark patches in
f ig s .5 .1 9 h ,  5.19g and 5 .20h.
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5 .4  F ig u res  Chapter 5
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Fig.5.1 Thickness fringes in 
a wedge without strain.
GaAs
cap
GalnAs
layer
GaAs
bulk
200A
A
g=040
Fig.5.2 Image of a single 
well in the g=040 reflection.
G aJ Ho, AS
GaAs  GaAs
CAPPINGqLAYER
1000A 200A BULK<  <— >  >
profiles at different distances 
from the edge of a wedge sample 
in the 040 reflection.
G aJ n<,2A s
GaAs ° G aAsU A H S
<103a 1 *--------------  <— ‘  >
s-value profiles at different 
distances from the edge of a 
wedge sample in the 040 reflection
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F i g . 5 .5  Geometry fo r  th e  
a n a l y t i c a l  s t r a i n  c a l c u l a t i o n s
GaAs
cap
GalnAs
la y e r
GaAs
b ulk
F i g . 5 . 6  Image o f  a s i n g l e  
w e l l  in  th e  g=400 r e f l e c t i o n
200/
g = 4 0 0
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G aJ n0 A s
GaJ n„A s 
GaAs GaAs
CAPPING oLAYER
qOOOA 20QA BULK
-3 ?-i GaAs 200A  G aAs x10 A <--------------  <---- >  >
F i g . 5 .7  Measured s - v a l u e  
p r o f i l e s  o f  th e  400 r e f l e c t i o n .
F i g . 5 . 8  T h e o r e t i c a l  
£  p r o f i l e s .
80
F i g . 5 . 9  Image o f  a l a y e r ,  g=040.
s= 4 x !0  4A_ 1 ,
F i g . 5 .1 0  Image o f  a l a y e r ,  g = 0 4 0 . 
s = 2 . 2 x l0 _3& 1
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F i g . 5 .1 1  Image o f  a l a y e r ,  g=400.  
s = l .3x10 3A *
F i g . 5 .1 2  Image o f  a l a y e r ,  g = 4 0 0 . 
s = 4 .9x10 3A_1
F i g . 5 .1 3  P l a n a r  v iew  o f  d i s l o c a t i o n s .
F i g . 5 .1 4  P la n a r  v iew  o f  d i s l o c a t i o n s .  
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1000A
F i g . 5 .1 5  Three quantum w e l l s  from a 
MQW s t r u c t u r e ,  040 r e f l e c t i o n .
F i g . 5 .1 6  S im u l a t e d  image o f  a  wedge w i t h o u t  s t r a i n .
g = 0 4 0
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F i g . 5 .1 7  S im ula ted  image o f  a wedge w ith  a s t r a i n e d  l a y e r .
g = 0 4 0 , f =1.4%, s=OA- i , < =872A. 
The edge i s  on th e  l e f t  hand s i d e .
F i g . 5 .1 8  S im u la ted  image o f  a wedge w i th  a s t r a i n e d  la y e r
g = 4 0 0 , f = l .4%, s=0A 1 , * =872A 
The edge i s  on th e  l e f t  hand s i d e .
F i g . 5 .1 9  S im u la te d  images w ith  changes in  f  and s
a) t o  1) A =872 and g=040. a ) , b ) , c ) , d )  f=1.26%,
e ) , f ) , g ) , h )  f=1.4%, and i ) , j ) , k ) , l )  f=1.54%. a ) , e ) , i )  s= 0 A 1 ;
b)  , f ) , j ) s= 2 x l0  4 A 1 ; c )  ,g )  ,h) s= 4 x l0  A " ;  d ) , h ) , l )  s = 8 x l0  A  A
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d h 1
F i g . 5 .2 0  S im u la ted  images w ith  changes in  f  and s
a) t o  1) /  =872 and g=400. a ) , b ) , c ) , d )  f=1.26%,
e ) , f ) , g ) , h )  f=1.4%, and i ) , j ) , k ) , l )  f=1.54%. a ) , e ) , i )  s= 0 A ;
b ) , f ) , j )  s = 2 x l0  A ; c ) , g ) , h )  s= 4 x l0  A ; d ) , h ) , l )  s = 8 x l0  A
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R;
W'I'
■ F i g . 5 .2 1  S im u la t io n s  
to  compare p o s i t i v e  
and n e g a t i v e  s .  
a ) , b ) , c ) , d )  g=400  
e ) , f ) , g ) , h )  g=040  
a ) , e )  s = 2 x l0  ’ A 1
b) , f ) s= -2 x lO ]4A_1 
c ) , g )  s = 4 x l0  "A
d ) , h )  s = - 4 x l 0  4A 
e f =1.4% £ =872A
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F i g . 5 .2 2  S im u la te d  im ages o f  wedges w ith  ch an g in g  £ 
a) t o  f )  f=1.4% and s=0 A * . a ) , b ) , c )  g = 4 0 0 , d ) , e ) , f  
a)  , d)  f =672A , b ) , e )  £ =872A and c ) , f > { = 1 0 7 2 .
g = 0 4 0 ,
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F i g .5 .2 3  S im u la ted  
images o f  wedges w ith  
ch a n g in g  (  .
a) t o  h) f =1.4%, £ =872/  
a ) , b ) , c ) , d )  g=400,
e ) , f ) , g ) , h )  g=040,  
a ) , e ) , b ) , f ) s=0 A ±,
c ) , g ) , d ) , h )  s=8X10 4 A 
a) , e ) , c ) , g )  £ =0  
and b) , f )  , d)  , h)  (  =10x2; A
e j
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F i g . 5 .2 4  S im u la ted  
im ages o f  wedges w ith  
sm a l l  changes  in  f .  
a ) , b ) , c ) , d ) , e )  g = 4 0 0  
f ) , g ) , h ) , i ) , j ) g = 0 4 0
a ) , f ) f =1.358%
b ) , g )  f =1.386%
c ) , h ) f = l . 4%
d ) , i ) f =1.414%
e ) , j )  f =1.443% 
s=OA 1 , y =872A
F i g . 5 .2 5  C om parison o f  com puted and TEM im age o f  a  s i n g l e  QW. 
g  =040
e x p e r im e n t a l  com puted
- F i g . 5 .2 6  C om parison  o f  com puted  and TEM im age  
o f  a s i n g l e  l a y e r  from a MQW g = 0 4 0 .
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e x p e r im e n t a l
com puted
F i g . 5 . 2 7  C om p arison  o f  com puted and TEM im age o f  a  s i n g l e  QW 
g  = 4 0 0
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6 . DISCUSSION
Many r e s u l t s  r e l a t i n g  d i r e c t l y  t o  t h e  e x p e r im e n t a l  and com puted  
im a g es  h a v e  a l r e a d y  b e e n  d i s c u s s e d  i n  c h a p t e r  5 .  T h i s  c h a p t e r  d e a l s  
w i t h  some more g e n e r a l  c o n s i d e r a t i o n s  c o n c e r n in g  t h e  form o f  t h e  
r e l a x a t i o n  and t h e  im age f o r m a t i o n  a t  a  90” w edge.
6 . 1  The E f f e c t  o f  t h e  g - V e c t o r
The im a g es  f o r  g=040  and g = 4 0 0  a r e  v e r y  d i f f e r e n t .  F i g . 6 . 1  show s a
s k e t c h  o f  t h e  b e n d in g  o f  t h e  (1 0 0 )  and t h e  (0 1 0 )  p l a n e s  i n  a
s p e c im e n  c o n t a i n i n g  a s t r a i n e d  l a y e r  o f  th e  g e o m e tr y  o f  f i g . 5 . 5 .
The s k e t c h  was o b t a i n e d  v i a  a n a l j ' - t i c a l  c a l c u l a t i o n s  o f  t h e  s t r a i n  
H aigh
r e l a x a t i o n  (FAUX 1990^) a t  t h e  s p e c im e n  ed g e  and t h e  d i s p l a c e m e n t s  
a r e  10 t i m e s  e x a g g e r a t e d ,  when t h e  ’ s q u a r e s ’ d e f i n e d  by  t h e  
o r t h o g o n a l  s e t  o f  l i n e s  a r e  c o n s i d e r e d  t o  be t h e  u n i t  c e l l s .
I t  c a n  be s e e n  t h a t  t h e  d i s p l a c e m e n t  o f  t h e  (1 0 0 )  p l a n e s  ( i . e .  t h e  
p l a n e s  p a r a l l e l  t o  t h e  e d g e )  i s  o v e r a l l  l a r g e r  th a n  t h e  
d i s p l a c e m e n t  o f  t h e  (0 1 0 )  p l a n e s  ( i . e .  th e  p l a n e s  p e r p e n d i c u l a r  t o  
t h e  e d g e  o r  p a r a l l e l  t o  t h e  i n t e r f a c e  b e tw e e n  l a y e r  and b u l k ) . The 
r e a s o n  i s  t h a t  t h e  (1 0 0 )  p l a n e s  i n  t h e  l a y e r  c a n  ’b u l g e  o u t ’ c l o s e  
t o  t h e  f r e e  s u r f a c e ,  w h e r e a s  t h e  (0 1 0 )  p l a n e s  a r e  more c o n f i n e d  by  
i n f i n i t e  b u lk  m a t e r i a l  on e i t h e r  s i d e  o f  th e  l a y e r  and h e n c e  t h e  
d i s p l a c e m e n t s  n e a r  t h e  f r e e  s u r f a c e  a r e  s m a l l e r .
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F i g . 6 . 1  a l s o  show s t h a t ,  a l t h o u g h  t h e  m a g n itu d e  o f  d i s p l a c e m e n t  
n e a r  t h e  i n t e r f a c e  i s  s m a l l e r  i n  t h e  [0 1 0 ]  th a n  i n  t h e  [1 0 0 ]  
d i r e c t i o n ,  t h e  s t r a i n  e x t e n d s  f u r t h e r  away from t h e  i n t e r f a c e  i n  
t h e  [0 1 0 ]  d i r e c t i o n  th a n  i t  d o e s  i n  t h e  [1 0 0 ]  d i r e c t i o n .  T h e se  two  
o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  £  s t r a i n  component h a s  l a r g e r  peak  
v a l u e s  th a n  t h e  £  com p on en t .  N e v e r t h e l e s s  a t  a  l a r g e  d i s t a n c e  
from t h e  i n t e r f a c e  i n t o  t h e  s u b s t r a t e  t h e  l a t t e r  com ponent h a s  t h e  
h i g h e r  v a l u e .
In  t h e  400 im a g es  t h e  c o n t r a s t  i s  due t o  b e n d in g  o f  t h e  (1 0 0 )  
p l a n e s ,  w h e r e a s  w i t h  t h e  0 4 0  r e f l e c t i o n  i t  i s  due t o  b e n d in g  o f  t h e  
(0 1 0 )  p l a n e s .  In  te r m s  o f  t h e  t h i c k n e s s  f r i n g e  d i s p l a c e m e n t  one  
w ould  e x p e c t  t h a t  t h e  4 0 0  r e f l e c t i o n  shows l a r g e r  v a r i a t i o n s  i n  
f r i n g e  d i s p l a c e m e n t  t h a n  t h e  040  r e f l e c t i o n  due t o  t h e  l a r g e r  
d i s p la c e m e n t  o f  t h e  (1 0 0 )  p l a n e s .  T h is  means t h a t  t h e  400  
r e f l e c t i o n  i s  more s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  m i s f i t  s t r a i n .  On 
t h e  o t h e r  hand t h e  b e n d in g  o f  t h e  (0 1 0 )  p l a n e s  i s  more f a r  r e a c h i n g  
and e f f e c t s  t h e  t h i c k n e s s  f r i n g e  d i s p l a c e m e n t  f u r t h e r  away from  t h e  
i n t e r f a c e  i n  t h e  040  r e f l e c t i o n  th a n  i n  t h e  400 r e f l e c t i o n .  T h i s  
means t h a t  o n e  w o u ld  e x p e c t  t h e  f r i n g e  d i s p la c e m e n t  c h a n g e s  t o  be  
c o n f i n e d  t o  r e g i o n s  w h ic h  a r e  c l o s e r  t o  t h e  i n t e r f a c e  i n  t h e  400  
r e f l e c t i o n .  I n  t h e  040  r e f l e c t i o n  t h e  c o n t r a s t  c h a n g e s  a r e  e x p e c t e d  
t o  be  more g r a d u a l  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  i n t e r f a c e .  
In d eed  t h e  TEM o b s e r v a t i o n s  ( f i g s  5 . 2  and 5 . 6 )  a s  w e l l  a s  t h e  im age  
s i m u l a t i o n s  ( f i g s  5 . 1 9  and 5 . 2 0 )  c o n f ir m  t h e s e  c o n s i d e r a t i o n s .
A n o th er  i n t e r e s t i n g  f e a t u r e  s h o u ld  be  m e n t io n e d  h e r e .  In  th e  
r e g i o n  marked A i n  f i g . 6 . 1 ,  i . e .  c l o s e  t o  t h e  i n t e r f a c e  and c l o s e  
t o  t h e  e d g e , t h e  b u lk  m a t e r i a l  i s  u n d er  c o m p r e s s iv e  s t r a i n  due t o
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th e  b u l g i n g  o f  t h e  s t r a i n e d  l a y e r  i n  i t s  v i c i n i t y .  T h i s  e f f e c t  i s  
p a r t i c u l a r l y  s t r o n g  f o r  t h e  (0 1 0 )  p l a n e s .  The s t r a i n  i n  t h e s e  
r e g i o n s  becom es n e g a t i v e .  T h i s  c a n  b e  s e e n  i n  t h e  a n a l y t i c a l l s ' -  
d e te r m in e d  v a l u e s  o f  t h e  £  s t r a i n  com ponent i n  f i g .  5 . 4  a s  w e l l
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a s  i n  t h e  m easu red  s - v a l u e  p r o f i l e  f o r  t h e  040 r e f l e c t i o n  i n  
f i g . 5 . 3 .  B o th  assum e n e g a t i v e  v a l u e s  i n  th e  b u lk  n e a r  t h e  s t r a i n e d  
l a y e r  i n t e r f a c e  and c l o s e  t o  t h e  e d g e .
6 . 2  R ea so n  f o r  A sjonm etric  Image C o n t r a s t  and I m p l i c a t i o n s
F i g . 6 . 2a  show s s c h e m a t i c a l l y  t h e  (0 1 0 )  p l a n e s  w h ic h  a r e  im aged
w i t h  040 g - v e c t o r .  F i g . 6 . 2b show s t h e  (1 0 0 )  p l a n e s  w h ich  a r e
im aged  w i t h  g = 4 0 0 .
In  t h e  sa m p le  c o n t a i n i n g  a  s i n g l e  quantum w e l l  p l a n - v i e w  TEM
r e v e a l e d  60 d i s l o c a t i o n s  i n  o n l y  on e  d i r e c t i o n  i n  t h e  i n t e r f a c e
b e tw e e n  b u lk  GaAs and t h e  s t r a i n e d  GalnAs lasher. T h e s e  a r e  th o u g h t
t o  b e  t h r e a d i n g  d i s l o c a t i o n s  from  t h e  s u b s t r a t e  tu r n e d  o v e r  i n  t h e
i n t e r f a c e  t o  r e l i e v e  s t r a i n .  The r e a s o n  why t h e y  a r e  tu r n e d  o v e r  i n
o n l y  on e  d i r e c t i o n  i s  n o t  e n t i r e l y  c l e a r .  P r e su m a b ly  o n e  f a c t o r  i s
t h a t  t h e  d i s l o c a t i o n  v e l o c i t y  i s  much h ig h e r  on t h e  ( 1 1 1 ) - A s  g l i d e
Mihura N in om iya
p l a n e s  th a n  on t h e  Ga g l i d e  p l a n e s  (CHOI 1977^) . In  t h i s  t h e s i s  i t  
w a s,  h o w e v e r ,  n o t  e s t a b l i s h e d  on w h ich  s e t  o f  1 1 1 - p l a n e s  t h e  
d i s l o c a t i o n s  l i e .
G iv e n  t h e  f a c t  t h a t  d i s l o c a t i o n s  o n l y  run a l o n g  t h e  [1 0 1 ]  
d i r e c t i o n  a s  s k e t c h e d  i n  f i g . 6 . 2 c ,  i n t e r f a c i a l  s t r a i n  i s  p a r t i a l l y  
r e l i e v e d  i n  t h e  [ 1 0 1 ]  d i r e c t i o n  due t o  t h e  ed g e  com ponent o f  t h e  
B u r g e r s ’ v e c t o r .  The s t r a i n e d  l a y e r ,  w h ich  w i t h o u t  d i s l o c a t i o n s  
w ould  b e  u n d er  e q u a l  am ounts o f  c o m p r e s s io n  i n  th e  [1 0 1 ]  and t h e  
[ 1 0 1 ]  d i r e c t i o n  i s  now more c o m p r e sse d  in  t h e  [1 0 1 ]  d i r e c t i o n .
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C o n s e q u e n t ly  a t  t h e  f r e e  e d g e  t h e  s t r a i n  r e l a x a t i o n  i s  l a r g e r  i n  
t h i s  d i r e c t i o n .  T h i s  w ou ld  c a u s e  a  t i l t  o f  t h e  (0 1 0 )  p l a n e s  and a  
r o t a t i o n  o f  t h e  c r y s t a l  n e a r  t h e  c o r n e r .  The d i s l o c a t i o n s  l e a v e  th e  
c r y s t a l  i n  t h e  p l a n e  o f  t h e  l a y e r  s o  t h a t  t h e  s c r e w  component o f  
th e  B u r g e r ’ s  v e c t o r  w ou ld  a l s o  c a u s e  a t o r s i o n a l  s t r a i n  a t  t h e  
s u r f a c e  w here i f  em erg es  i n  o r d e r  t o  s a t i s f y  b ou n d ary  c o n d i t i o n s .
The s k e t c h  i n  f i g .  6 . 2 c  sh ow s t h e  r o t a t i o n  a n g l e  c l o c k w i s e  i n  th e  
(1 0 1 )  p l a n e .  T h i s  a l s o  l e a d s  t o  an  a sy m m etr ic  s t r a i n  d i s t r i b u t i o n  
on b o t h  s i d e s  o f  t h e  s t r a i n e d  l a y e r ,  s i n c e  th e  d i s l o c a t i o n s  and  
t h e r e f o r e  t h e  s t r a i n  r e l i e f  i s  fo u n d  i n  th e  b u l k / l a y e r  and n o t  i n  
t h e  l a y e r / c a p  i n t e r f a c e .
As d i s c u s s e d  i n  a p r e v i o u s  c h a p t e r  t h e  m ajor e f f e c t  on t h e  s - v a l u e  
c h a n g e s  i s  c a u s e d  b y  s h e a r i n g  o f  t h e  c r y s t a l  o r  b e n d in g  o f  p l a n e s .  
The 040  r e f l e c t i o n  p i c k s  up t h e  s h e a r i n g  or  b e n d in g  o f  t h e  (0 1 0 )  
p l a n e s .
A s l i g h t  d i s c o n t i n u i t y  o f  t h e  c r y s t a l  a l o n g  t h e  e d g e  c a n  be  
o b s e r v e d  i n  TEM m ic r o g r a p h s  t a k e n  w i t h  lo n g  e x p o s u r e  t i m e s .  I t  ca n  
o n l y  j u s t  b e  s e e n  i n  f i g  5 . 2 .  T h i s  d i s c o n t i n u i t y  a f f e c t s  t h e  (0 1 0 )  
p l a n e s  s t r o n g l y ,  b u t  t h e  e f f e c t  i s  l e s s  s i g n i f i c a n t  f o r  t h e  (1 0 0 )  
p l a n e s .  H ence t h e  asym m etry  o f  t h e  s t r a i n  d i s t r i b u t i o n  i s  l e s s  
n o t i c e a b l e  i n  a  400  r e f l e c t i o n .  T h i s  a g r e e s  w i t h  o b s e r v a t i o n s  i n  
f i g . 5 . 2  and 5 . 6 ,  w h ic h  show t h a t  t h e  040 r e f l e c t i o n  shows a  l a r g e r  
s t r a i n  c o n t r a s t  asym m etry  th a n  t h e  400 r e f l e c t i o n .
The m u l t i p l e  quantum w e l l  i n  f i g . 5 . 1 5  shows s y m m e tr ic a l  s t r a i n  
c o n t r a s t  around  t h e  s t r a i n e d  l a y e r s .  P l a n - v i e w  TEM o f  sp e c im e n s  
from t h i s  s t r u c t u r e  showed a  c r o s s h a t c h  o f  d i s l o c a t i o n s  i n  t h e
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i n t e r f a c e s  (D ix o n ,  p r i v a t e  c o m m u n ic a t io n ) , and th o u g h  t h e r e  a r e  
d i f f e r e n t  d i s l o c a t i o n  s p a c i n g s  i n  t h e  [1 0 1 ]  and t h e  [ 1 0 1 ]  d i r e c t i o n  
o f  ou r  g e o m e tr y  a n n o t a t i o n ,  t h e  r e l i e f  o f  s t r a i n  i s  n e a r l y  t h e  same 
i n  b o t h  d i r e c t i o n s .  T h i s  w i l l  t h e n  l e a d  t o  a  s y m m e tr ic a l  s t r a i n  
d i s t r i b u t i o n .
6 . 3  Image A n a l y s i s
A s t a n d a r d i z e d  and d e t a i l e d  im age a n a l y s i s  t o  compare e x p e r im e n t a l  
and s i m u l a t e d  im a g es  h a s  n o t  y e t  b e e n  d e v e lo p e d .  In  o r d e r  t o  d e c i d e  
w h ich  s t r a i n  v a l u e  g a v e  t h e  b e s t  f i t  w i t h i n  a b o u t  10%, i t  was 
e i t h e r  s u f f i c i e n t  t o  i n s p e c t  o r  t o  s u p e r im p o s e  t h e  im a g e s .
W ith s m a l l e r  c h a n g e s  i n  t h e  s t r a i n  v a l u e  i t  i s  n e c e s s a r y  t o  f i n d  a  
t e c h n iq u e  o f  d e t e r m i n i n g  q u a n t i t a t i v e l y  t h e  v a r i a t i o n s  i n  c o n t r a s t  
w i t h  p o s i t i o n  f o r  e x a m p le .
F i g . 6 . 3a  and b show s s k e t c h e s  o f  s i m u l a t e d  im a g es  f o r  t h e  040 and  
t h e  400 r e f l e c t i o n s .  In  f i g . 6 . 3a  s t r a i n  s e n s i t i v e  p o i n t s  a r e  
d e n o t e d  A: t h e  d i s t a n c e  from  t h e  ' f i r s t  c u s p 1 w i t h i n  t h e  s t r a i n e d  
l a y e r  from  t h e  s p e c im e n  e d g e ,  w h ic h  i s  t h e  t o p  h o r i z o n t a l  o f  t h e  
im age; B: t h e  d i s t a n c e  o f  t h e  ’ t i p ’ o f  t h e  f i r s t  e x t i n c t i o n  c o n to u r  
o u t s i d e  t h e  l a y e r  from t h e  r i g h t  hand s i d e  o f  t h e  im age; and C: t h e  
d i s t a n c e  o f  t h e  s e c o n d  e x t i n c t i o n  c o n to u r  o u t s i d e  t h e  l a y e r  from  
t h e  s p e c im e n  e d g e  a t  t h e  p o i n t  w h ere  i t  i n t e r s e c t s  t h e  r i g h t  hand  
s i d e  o f  t h e  im age .
I t  c a n  be s e e n  t h a t  i n  t h e  040  r e f l e c t i o n  d i f f e r e n c e s  i n  s t r a i n  o f  
0.01% i n  t h e  im a g e s  can  n o t  b e  d i s t i n g u i s h e d  (com pare f i g . 5 . 2 4 h  
w i t h  5 . 24g  and 5 . 2 4 i ) .
W ith a  0.03% d i f f e r e n c e  i n  s t r a i n ,  h o w ev er ,  p o i n t  B m oves c l o s e r  
to w a rd s  t h e  r i g h t  hand s i d e  i n  f i g . 5 . 2 4 f  a s  w e l l  a s  i n  5 . 2 4 j  w i t h
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s t r a i n  v a l u e s  o f  1 .4 4 3  and 1.358%  r e s p e c t i v e l y ,  a s  com pared t o  t h e  
1.4% v a l u e  i n  f i g . 5 . 2 4 h .  P o i n t  C m oves f u r t h e r  away from t h e  t o p  
ed g e  w i t h  t h e  h i g h e r  s t r a i n  v a l u e  i n  f i g . 5 . 2 4 f  and c l o s e r  to w a rd s  
t h e  ed g e  f o r  t h e  lo w e r  s t r a i n  v a l u e  i n  f i g . 5 . 2 4 j  a s  com pared t o  t h e  
1.4% v a l u e  i n  f  i g . 5 . 2 4 h .
F i g . 6 . 3b shows s t r a i n  s e n s i t i v e  p o i n t s  f o r  t h e  400 r e f l e c t i o n .  A 
d e n o t e s  t h e  d i s t a n c e  o f  t h e  d a r k  r e g i o n  (w h ich  i s  t h e  s e c o n d  dark  
e x t i n c t i o n  c o n t o u r )  from  t h e  s p e c im e n  e d g e ,  B t h e  d i s t a n c e  o f  t h e  
’d i p ’ i n  t h e  f i r s t  e x t i n c t i o n  c o n t o u r  a t  th e  l a y e r  i n t e r f a c e ,  and C 
t h e  d i s t a n c e  o f  t h e  ’d i p ’ i n  t h e  s e c o n d  e x t i n c t i o n  c o n t o u r  from t h e  
sp e c im e n  e d g e .
W ith c h a n g e s  i n  s t r a i n  o f  0.01%  i t  i s  j u s t  p o s s i b l e  t o  s e e  
d i f f e r e n c e s  i n  r e g i o n  A, B and C i n  t h e  s i m u l a t e d  im a g e s  (com pare  
f i g s  5 .2 4 b ,  c  and d) . I t  i s  p r o b a b l y  much h a r d e r  t o  o b s e r v e  t h e s e  
d i f f e r e n c e s  i n  an e x p e r i m e n t a l  m ic r o g r a p h ,  th o u g h  our exam ple  o f  
t h e  s i n g l e  s t r a i n e d  quantum w e l l  i n  f i g . 5 . 2 7  show s t h a t  i t  i s  
p o s s i b l e .
W ith c h a n g e s  o f  0.03% t h e r e  a r e ,  h o w e v e r ,  i n  t h e  s i m u l a t e d  im a g es  
v e r y  marked d i f f e r e n c e s  f o r  t h e  h i g h e r  a s  w e l l  a s  f o r  t h e  lo w e r  
s t r a i n  v a l u e s  i n  f i g s . 5 . 2 4 a  and 5 . 2 4 e  when compared w i t h  t h e  1.4% 
v a l u e  i n  f i g . 5 . 2 4 c .  The d i f f e r e n c e s  a t  p o i n t  A i n s i d e  t h e  l a y e r  a r e  
r a t h e r  d r a m a t ic  a s  w e l l  a s  t h e  d i f f e r e n c e s  a t  p o i n t s  B and C.
6 . 4  S e n s i t i v i t j 7 o f  t h e  Method
The s t r a i n  r e l i e f  due t o  t h e  i n t e r f a c i a l  d i s l o c a t i o n s  i s  e s t i m a t e d  
t o  be o f  t h e  m a g n itu d e  o f  0 .03% , i f  t h e  B u r g e r s ’ v e c t o r s  o f  a l l  
d i s l o c a t i o n s  h a v e  t h e i r  e d g e  co m p o n en ts  i n  t h e  same d i r e c t i o n .  So  
t h e  d i f f e r e n c e s  i n  t h e  s t r a i n  on  b o t h  s i d e s  o f  t h e  l a y e r  a r e
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m a x im a l ly  0.03% and m ost l i k e l y  s m a l l e r .  T h e se  d i f f e r e n c e s  can  
s t i l l  b e  s e e n  i n  e x p e r im e n t a l  m ic r o g r a p h s  a s  asym m etry i n  th e  
e x t i n c t i o n  c o n t o u r  bending- o n  e a c h  s i d e  o f  t h e  s t r a i n e d  l a y e r .  The 
im age s i m u l a t i o n  r e s u l t s  i n  f i g , 5 . 2 4  a l s o  show t h a t  s t r a i n  
d i f f e r e n c e s  o f  0.03% ca n  r e a d i l y  and o f  0.01% can  j u s t  a b o u t  be  
d e t e c t e d .
T h i s  makes t h i s  m ethod , t o  o u r  k n o w led g e  one o f  t h e  m ost  i f  n o t  
t h e  m ost  s e n s i t i v e  o f  s t r a i n  e v a l u a t i o n  m eth o d s ,  and t r u l y  
c o m p e t i t i v e  w i t h  X -r a y  d i f f r a c t i o n .  I t  i s  s u r e l y  t h e  method w h ich  
e n a b l e s  t h e  m easu rem en ts  o f  s t r a i n  d i s t r i b u t i o n s  w i t h  t h e  l a r g e s t  
a r e a  c o v e r a g e  and a t  t h e  same t im e  h i g h  s p a t i a l  r e s o l u t i o n .
F u r th erm o re  b y  t h e  u s e  o f  d i f f e r e n t  r e f l e c t i o n s  (g = 4 0 0 ,  0 4 0 ,  2 2 0 ,
220 e t c )  i t  i s  p o s s i b l e  t o  d e t e r m in e  t h e  c o m p le te  s t r a i n  t e n s o r  a t  
a r b i t r a r y  p o i n t s  i n - t h e  s a m p le ,  p r o v id e d  t h e  sp e c im e n  g e o m e tr y  can  
be m o d e l le d  i n  a f e a s i b l e  way f o r  t h e  f i n i t e  e l e m e n t  c a l c u l a t i o n s .  
The r e s u l t s  a r e  unam biguous and r e l a t i v e l y  d i r e c t  and e a s y  t o  
i n t e r p r e t ,
6 . 5  Im provem ents on  t h e  Method
d i f f e r e n t  g - v e c t o r s  
In  t h i s  t h e s i s  o n l y  t h e  40 0  and t h e  040  g - v e c t o r s  and beam 
d i r e c t i o n  n = ( 0 0 l )  h a v e  b e e n  u s e d .  The c o n t r a s t  i n  t h e  im a g es  shown 
d ep en d s  t h e r e f o r e  on o n l y  two o f  t h e  s i x  com ponents  i n  t h e  s t r a i n  
t e n s o r  n a m ely  £: and £ . T h i s  was done b e c a u s e  t h e  400 and 040
r e f l e c t i o n s  a r e  in d e p e n d e n t  o f  t h e  c o m p o s i t i o n  t o  a  v e r y  good  
a p p r o x im a t io n .  I f  t h e  sa m p le  was t i l t e d  s o  t h a t  t h e  beam d i r e c t i o n  
was now n = (0 1 3 )  i n s t e a d  o f  n = ( 0 0 1 ) ,  and g = { 4 0 0 ) , from e q u a t i o n ( 2 . 7 )  
i t  f o l l o w s
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So t h e  image w ould  b e  s e n s i t i v e  t o  £ a s  w e l l  a s  £
s i m i l a r l y  i f  n = {1 0 3 )  and g = ( 4 0 0 )
A s = 4 ( £  + 3£ _ ) .
So t h e  im age w ou ld  be  s e n s i t i v e  t o  £  a s  w e l l  a s  £
I f  t h e  c o m p o s i t i o n  was known and s o  o t h e r  r e f l e c t i o n s  c o u ld  be  
u s e d  b y  t i t l i n g  s o  t h a t  n = (0 1 2 )  and u s i n g  t h e  g = (0 4 2 )  r e f l e c t i o n
A s  = 4£ + 6£ -  4£
t h e  c o n t r a s t  i s  now s e n s i t i v e  t o  £  and £
yy zz
I t  i s  p o s s i b l e  t o  p ro b e  t h e  c o m p le t e  s t r a i n  t e n s o r  i f  t h e  e f f e c t s  
o f  t h e  c o m p o s i t i o n  a r e  known. I f  t h e  c o m p o s i t i o n  i s  n o t  known a l l  
b u t  two com ponents  o f  t h e  s t r a i n  t e n s o r  can  b e  ex a m in ed .
G r e e n  ' s  f u n c t i o n s
The s t r a i n  c a l c u l a t i o n s  u s i n g  t h e  f i n i t e  e l e m e n t  m ethod a r e  c o s t l y  
i n  t im e  and o n l y  g i v e  d a t a  a t  t h e  f i n i t e  e l e m e n t  n o d e s ,  s o  
i n t e r p o l a t i o n  i s  n e c e s s a r y .  B o th  t h e s e  f a c t o r s  make t h i s  approach  
v e r y  s lo w .  However, i t  i s  p o s s i b l e  t o  u s e  d i f f e r e n t  t e c h n i q u e s  t o  
c a l c u l a t e  t h e  s t r a i n ,  c a l l e d  b o u n d a ry  e le m e n t  m eth od s BEM (BANERJEE 
1 9 8 1 ) .  They h a v e  a number o f  a d v a n t a g e s  o v e r  t h e  f i n i t e  e le m e n t  
m e t h o d s .
The m ain d i s a d v a n t a g e  i s  t h a t  t h e  BEM a r e  n o t  v e r y  g e n e r a l  and s o
i t  i s  n o t  p o s s i b l e  t o  w r i t e  g e n e r a l  p ro g i 'a m s. Each p rob lem  h a s  t o
be a n a ly z e d  s e p a r a t e l y  and t h e  s o l u t i o n  s e t  up f o r  t h a t  p rob lem .
The main a d v a n t a g e s  a r e  t h a t  o n l y  t h e  bou n d ary  n e e d s  t o  be  meshed  
and n o t  th e  w h o le  vo lum e and t h e  s o l u t i o n  c o n t i n u e s  th r o u g h o u t  th e  
v o lu m e . T h i s  w ould  mean t h a t  l e s s  d a t a  s t o r a g e  i s  r e q u i r e d  and no
i n t e r p o l a t i o n  w ould  b e  n e c e s s a r y  e n a b l i n g  t h e  run  t im e  o f  th e
program t o  b e  s u b s t a n t i a l l y  r e d u c e d .
A s  = 4 (£ + 3 s  ) ,
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The a p p l i c a t i o n  o f  t h e  G r e e n s ’ f u n c t i o n s  t o  s t r a i n  d e t e r m i n a t i o n  
p r o b lem s  i s  a  t a s k  s u g g e s t e d  f o r  f u t u r e  work.
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6 .6  F i g u r e s  C h a p te r  6
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F i g . 6 . 1  The d i s p l a c e m e n t s  ( e x a g g e r a t e d  by a  f a c t o r  
due t o  t h e  s t r a i n  r e l a x a t i o n  a t  t h e  t h e  ed g e  o f  t h e  
c a l c u l a t e d  a n a l y t i c a l l y .
1 0 )  a r i s i n g  
s p e c im e n  a s
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a )  040  and b) 400 im a g e s .
7 CONCLUSION
A new method h a s  b e e n  d e v e lo p e d  f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  
o f  s t r a i n  i n  I I I - V  compound h e t e r o e p i t a x i a l  s t r u c t u r e s .  T h i s  method  
u t i l i z e s  t h e  d i s p l a c e m e n t  o f  t h i c k n e s s  f r i n g e s  i n  90" w ed ges  due a  
l o c a l  ch a n g e  i n  t h e  m i c r o s c o p i c  d i f f r a c t i o n  p a r a m e te r  s .  T h i s  
phenomenon i s  in t r o d u c e d  b y  t h e  r e l a x a t i o n  a t  t h e  ed g e  o f  t h e  
s t r a i n e d  s t r u c t u r e .
The s t r a i n s  i n  t h e  s t r u c t u r e  a r e  c a l c u l a t e d  v i a  f i n i t e  e l e m e n t  
m eth o d s .  The t h e o r y  d e s c r i b i n g  t h e  c o r r e l a t i o n  b e tw e e n  s t r a i n  
r e l a x a t i o n ,  d i s p l a c e m e n t  f i e l d  and  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y  
c o n t r a s t  i s  d e v e lo p e d  and im p lem en ted  u s i n g  t h e  f i n i t e  e l e m e n t  
s t r a i n  d i s t r i b u t i o n s  i n  o r d e r  o b t a i n  s i m u l a t e d  im age c o n t r a s t .  The 
com puted im ages  a r e  t h e n  com pared t o  e x p e r im e n t a l  TEM im a g e s .  T h i s  
m ethod a l l o w s  th u s  t o  c o n c lu d e  t h e  s t r a i n  d i s t r i b u t i o n  a t  any p o i n t  
i n  t h e  sam p le  by  m a tc h in g  s i m u l a t e d  and e x p e r im e n t a l  TEM c o n t r a s t  
i n  t h e  r e l a x e d  r e g i o n  a l o n g  t h e  sa m p le  e d g e .
I t  was fou n d  t h a t  t h i s  p r o c e d u r e  a l l o w s  e x t r e m e l y  a c c u r a t e  
c o m p a r iso n  b e tw e e n  e x p e r im e n t a l  and com puted im a g e s .  The l a t t e r  a r e  
v e r y  s e n s i t i v e  t o  s m a l l  c h a n g e s  i n  s t r a i n  v a l u e  a s  w e l l  a s  t o  
d e v i a t i o n s  from c u b i c  o r  t e t r a g o n a l  sym m etry.
Thus i t  was fo u n d  t h a t  t h e  w e l l s  o f  a m u l t i p l e  quantum w e l l  
s t r u c t u r e  w ere s t r a i n e d  b y  e x a c t l y  t h e  e x p e c t e d  amount o f  1.26%  
w i t h  t e t r a g o n a l  sym m etry , w h e r e a s  a  s i n g l e  quantum w e l l  showed an  
a sy m m etr ic  s t r a i n  s i t u a t i o n  w i t h  1.38% s t r a i n  a t  t h e  
s u b s t r a t e / e p i l a y e r  i n t e r f a c e  and 1.4% s t r a i n  a t  t h e  e p i l a y e r / c a p
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i n t e r f a c e .  F u r th e r m o r e  t h e  l a t t i c e  p l a n e s  i n  t h e  l a y e r  and t h e  ca p  
a r e  r o t a t e d  w i t h  r e s p e c t  t o  th e  s u b s t r a t e  i n d i c a t i n g  a non  
t e t r a g o n a l  d i s t o r t i o n  o f  t h e  o r i g i n a l l y  c u b ic  l a t t i c e .
The m ethod i s  s e n s i t i v e  t o  0.01% c h a n g e s  i n  s t r a i n  u s i n g  B ragg  
r e f l e c t i o n s  w i t h  g - v e c t o r s  p e r p e n d i c u l a r  t o  th e  sp e c im e n  e d g e .  The 
o b t a i n e d  s p a t i a l  r e s o l u t i o n  o f  t h e  s t r a i n  d i s t r i b u t i o n  i s  u n iq u e .  
The p r e s e n t  d i s a d v a n t a g e s  o f  t h e  method i s  t h e  t im e  e x p e n s e  o f  t h e  
s i m u l a t i o n  and m a tc h in g  o f  e x p e r im e n t a l  and t h e o r e t i c a l  im a g e s .  A 
f u t u r e  im provem ent o v e r  t h e  f i n i t e  e le m e n t  method u s i n g  G r e e n ’s  
f u n c t i o n s  i s  b r i e f l y  d i s c u s s e d .
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